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(54) Apparatus for estimating tire air pressure 

(57) A signal processor (6) comprises wheel speed- 
detecting means (100) for detecting a wheel speed sig- 
nal Including vibrational components of a tire, extraction 
means (120. 130) for extracting a resonant frequency of 
the vibrational components of the tire or a tire spring 
constant based on the wheel speed signals, air pres- 
sure-estimating means (150) for estimating a tire air 
pressure t>ased on the resonant frequency or the tire 
spring constant, and detenmining means (150) for deter- 
mining whether the estimated tire air pressure is atsnor- 
mal or not by comparing with a determination value. 
Further, correcting means (corrects at least one of the 
determination value, the estimated tire air pressure, the 
resonant frequency and the tire spring constant in 
response to a tire temperature. A temperature-sensing 
device is mounted inside the signal processor to detect 
a temperature associated with the tire temperature. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

[0001] This application Is based upon and daims the benefit of priority of Japanese Patent Applications No. H.9- 
214229 filed on August 8, 1997, No. H.9-345381 filed on December 15, 1997. and No. H.9-348087 filed on December 
17, 1997. the contents of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0002] This invention relates to an apparatus for estimating tire air pressure in an autonrobile or the like and, more 
particularly, to realization of an apparatus capable of estimating tire air pressures indirectly with improved accuracy from 
vibrational conponents of tires during vehicle traveling. 

2. Related Art 

[0003] As a tire air pressure estimating apparatus, an apparatus described in Japanese Patent Application Laid-Open 
No. H.5- 133831 and an apparatus described in Japanese Patent Application Lald-Open No. H. 6-328920 have been 
known. 

[0004] In each apparatus, the apparatus extracts the vibrational components of wheel speed caused by vibrations of 
a tire from a wheel speed signal, finds a tire resonant frequency or a tire spring constant in the vertical direction of the 
tire, In the longitudinal direction of the tire, or in the torstonal direction of the tire rotation, and estimates the air pressure 
in the tire from the found resonant frequency or the found tire spring constant. 

[0005] In these tire air pressure-estimating apparatuses, tire air pressure can be estimated without requiring means 
for directiy detecting the air pressure inside the tire such as a pressure sensor. 

[0006] A technque for indirectiy detecting tire air pressure takes notice of tiie ^ct ttiat a certain relation holds between 
the air pressure in a tire and its rigidity. However, the tire rigkiity depends on tire rubber hardness as well as on the air 
pressure In ttie interior space inskJe the tire. It is difftouK to detect ttiem separately Also, the tire rubber hardness varies 
with temperature of the rubber, 

[0007] In the past, the technique for indirectly detecting tire air pressure does not take account of variations of the tire 
temperature. Therefore, the rigidity of the tire varies as a whole for different tire temperature even if the air pressure in 
the interior space of the tire is the same. With the prior art indirect detection technique, since the variations of the tire 
temperature is not taken into account, the detected value of tiie tire air pressure differs from the actual value. 
[0008] Consequentiy. when the prior art apparatus detects abnormally low tire air pressure and warns a driver of tiiis 
abnormality, for example, various undesirable situations may take place. For instance, if the tire temperature rises to 
thereby lower the tire rubber hardness, although the actual tire air pressure is normal, the tire air pressure may be deter- 
mined to be too low. In addition, even though the tire air pressure is too low, it may not be detected. 
[0009] Accordingly, it is a first object of the present invention to provkle an apparatus for estimating tire air pressure 
with improved accuracy by taking account of the tire temperature. 

[001 0] It is a second object of the present invention to provide an- economical tire air pressure-estimating apparatus 
that, more preferably has a device for producing a value associated with tire temperature. This device is disposed within 
a signal processor that performs arithmetical processing for estimating the tire air pressure. This arrangement dis- 
penses with wires for introducing the tire temperature into the signal processor. 

[001 1 ] In the meantime, frequency components that are not associated with variations in the tire air pressure and thus 
create noises are contained in a signal containing the vibrational components of the tire. Therefore, when a resonant 
frequency of the vibrational components or a tire spring constant dependent on tire air pressure is extracted from the 
signal including the vibrational components of tiie tire, the signal Is normally fed to a signal-processing filter to extract 
only signal components dose to the resonant frequency dependent on the tire air pressure. This is referred to as a pre- 
treatment. 

1001 2] Ideally, the frequency band of ti)is signal-processing filter suff icientiy covers a frequency range that contains 
the signal components corresponding to an air pressure range to be detected within the vibrational components 
dependent on the tire air pressure. The frequency range containing the signal components conesponding to ttie air 
pressure range to be detected does not simply refer to from high to low tire pressures in a used range. Ihe range is 
varied by the tire temperature due to the nature of tiie rubber of the tire. At low temperature, the frequency to be 
detected is increased. Conversely at high temperature, the frequency to be detected is lowered. Therefore, the fre- 
quency range containing signal components corresponding to the air pressure range to be detected is from a frequency 
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under a low-temperature, highiaressure cnridition to a frequency urKler a high-temperature, low-pressure condition. 
C0013] However, this frequency range contains many frequency components becoming noises. Therefore, if a filter 
thai passes signals of a frequency range containing the signal components corresponding to the air pressure range to 
be detected is adopted, the performance of air pressure detection Is made unstable. For this reason, use of a filter hav- 
s ing a nan^owed frequency passing band has been heretofore urged. Consequently, the aocunacy of the estimated air 
pressure can be assured only in a limited temperature range or pressure range. 

[0014] In view of these circumstances, a third object of the present invention is to provide a tire air pressure estimating 
apparatus capable of achieve both improvement in the accuracy of estimation of tire air pressure arvd system respon- 
siveness by nriaking the filtering characteristics variable. 

TO 

SUMMARY OF THE INVENTION 

[0015] The above-desaibed first and second ot>jects are achieved by an apparatus for estimating tire air pressure 
according to a first aspect of the present invention. The apparatus for estimating tire air pressure comprises a vibra- 

15 tionat component output device for producing a signal including vibrational components of a tire during vehicle traveling, 
an extracting device for extracting a resonant frequency of the vibrational components or a tire spring constant from the 
produced signal including the vibrational components, an air pressure estimating device for estimating air pressure 
inside ttie tire from the extracted resonant frequency or tire spring constant. Further, a tire temperature-associated 
value-extracting device is provided to extract a value associated with tire temperature affecting the extracted resonant 

20 frequency or tire spring constant. A conrecting de^ce corrects effects on the resonant frequency or tire spring constant 
according to the extracted value associated witii the tire temperature. 

[0016] In this structure, the effects of the tire temperature can be eliminated in estimating the tire air pressure. As a 
result, tiie accuracy of the estimation of the tire air pressure can be improved. 

[0017] In recent years, an outside air temperature sensor is mounted on a vehicle to automatically air-conditioning a 
2S passenger conpartment of the vehicle or to furnish information about freezing of a road surface to the driver during 
vehicle traveling. When the tire temperature-associated value is detected, if such an outside air tenperature sensor is 
employed, then the number of components Is reduced. This is favorable from a viewpoint of cost. 
[001 8] A temperature detecting device may be mounted In a signal processor for processing signals including vibra- 
tional components of the tire as the tire temperature-associated value-extracting device. The outside air temperature 
30 may be detected as the tire temperature-associated value by the temperature detecting device. 

[0019] It is desirable to detect the temperature of the rubber of the tire itself as a tire temperature-associated value 
that changes the hardness of the tire rubber. However, it is relatively difficult to detect it because the tire rotates. )n con- 
trast, It is relatively easy to detect the outside air temperature. It is considered that if the temperature of the air outside 
the vehicle is high, the temperature of the tire iteelf rises. In this way. a given relation holds between the outside air tem- 
35 perature and tiie temperature of the tire itself. 

[0020] In view of this relation, ttie accuracy with which ttie tire air pressure is estimated can be improved using tiie 

outside air temperature. 

[0021] When ttie outside air temperature sensor used for air-conditioning as mentioned previously is also used for 
estimation of tire air pressure, a transmission line (transmission wire) is necessary to serxJ a signal from this outside air 

40 temperature sensor to the signal processor (CPU) of ttie tire air pressure-estimating apparatus. This affects the instal- 
lation of the apparatus. Also, the transmission line may be affected by electromagnetic noises or the like. However, if 
the temperature detecting device is installed inside the signal processor to detect the outside air temperature as 
desaibed above, it is not necessary for the signal processor to receive a signal associated with the outside air temper- 
ature from the outside. This is favorable in view of cost and installation. In addition, the apparatus is more immune to 

45 electromagnetic noises and the like. Further, when a vehicle is not provided witii the outside air temperature sensor as 
used for air-conditioning, Installing an outside air temperature sensor inside tiie signal processor produces greater 
advantages than installing it outside the signal processor. In the same way as the foregoing. 

[0022] A temperature detecting sensor having a function of detecting temperature or a semiconductor having temper- 
ature characteristics may be incorporated into tiie signal processor as a device for detecting the outside air tempera- 

50 ture. Alternatively, the signal processor may detect the outside air temperature, utilizing the temperature characteristics 
of ttie device installed inside the processor to extract the resonant frequency of the tire or ttie tire spring constant. 
[0023] The tire temperature-associated value-extracting device may find a time when a given con'elation holds 
between ttie temperature ot the device inside the signal processor and ttie outside air temperature, and may estimate 
the aforementioned tire temperature-associated value according to ttie temperature of the device detected at this time. 

55 [0024] The signal processor is often installed in the passenger compartment of the vehicle. Therefore, ttie device ttiat 
is a detecting element for estimating ttie outside air temperature may be affected by the temperature of the passenger 
compartment. This temperature of ttie passenger compartment is frequentiy affected by the air-conditibning system of 
the vehicle during vehicle traveling. When ttie vehicle is at halt, ttie temperature may be often affected by ttie sunlight. 
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Furthermore^ the temperature of the device may be affected by heat generated by the de^ce itself during energization. 
[(K)25] The relation between the outside air temperature and the temperature of the device is estimated from the man- 
ner in which the vehicle Is used for a relatively long time, and the result is shown in Fig. 6. The temperature of the pas- 
senger compartment and the temperature of the device within the signal processor agree with the outside air 

5 temperature if the vehicle has stopped Ibr a sufficiently long time. Even under actual conditions, it is amply conceivable 
fw the vehicle to be stopped for such a long time. Therefore, if the time when the temperature of the device within the 
signal proctor converges to the outside air terrperature during stop of the vehicle Is found, and if the tire temperature- 
associated value is estimated at that time, then more accurate estimation of tire air pressure can be accomplished. 
[0026] The tire temperature-associated value-extracting device may estimate an outside air temperature-aseociated 

10 value according to plural values detected when an Ignition switch of the vehicte is turned on. 

[0027] To find the time when the tertperature of the device within the signal processor converges to the outside air 
temperature, generation of heat from the device itself is taken into account after the power supply for the signal proces- 
sor is started. It is advantageous to use the temperature of the device detected Immediately after the vehicle ignition 
switch is turned on in estimating the outside air temperature. In particular, if the outside air temperature is detected 

IS inunediately after the ignition switch is turned on in this way, the effects of the heat generated by electrical energization 
on the device may be eliminated. In consequence, the accuracy with which the outside air temperature is estimated can 
be improved. The outside air temperature detected at this time may be stored in a memory until the outside air temper- 
ature is detected when the ignition switch is again turned on, and the stored temperature may be used in estimating the 
tire air pressure. 

20 [0028] To find the time when the temperature of the device within the signal processor converges to the outside air 
temperature, the number of times the ignition switch is turned on is preset This number of times is set greater than the 
nunft>er of times the ignition switch is normally turned on per day. It can be assumed tiiat at least one of the preset 
number of times provides the chance that the device within the signal processor converges to the outsUe air tempera- 
tura For example, in the nighttime, the vehicle is often left outdoors. Therefore, the possibility that the temperature of 

ss the device converges to the outside air temperature is high. Increasing tiie possibility that the tenperature of the device 
inside the signal processor converges to the outside air tenperature in this way increases the chance of accurate esti- 
mation of the tire air pressure. 

[0029] The tire temperature-associated value-^xtracting device may estimate the tire temperature-associated value 
based-on the minimum value of plural values detected immediately after the ignition switch of the vehicle is turned on. 

30 [0030] As shown in Fig. 6. ttie temperature of the device inside tiie signal processor when the ignition switch is turned 
on may differ from the actual outside air temperature by tiie effects of heat generated by tiie device itself, the effects of 
the temperature of the passenger compartment due to air-conditioning, and tiie effects of sunlight Consideration of tiie 
conb'ibutions of these effects on the temperature of the device inside the signal processor reveals that a factor leading 
to a decrease of the temperature of ttie device is only the vehicle air-conditioning. However, when both cooling effect of 

35 the air-conditioning and generation of heat from ttie device itself are taken into consideration. It is considered ttiat ttie 
temperature of the device is always higher ttian ttie outside air temperature during vehicle traveling. i.e., ttie ignition 
switch is kept on. Moreover, when sunlight affects tiie temperature, the passenger compartment shouki be higher tiian 
the outside air tenrperature. It follows that the device within the signal processor affected by tiie temperature of ttie pas- 
senger compartment is higher than the outside air temperature. 

40 [0031 ] More specifically, when ttie ignition switch is turned on plural times, tiie device inside the signal processor may 
assume different tenrperatures. It is conceivable tiiat the temperature of the device has converged to the outside air 
temperature at one of ttiese temperatures, or ttie lowest temperature. Accordingly, when the ignition switch is turned on, 
the temperature of device is detected as ttie outside air temperature, and ttie detected temperature is stored in memory 
This operation is repeated a preset number of times. Using tiie lowest one of ttie stored values, ttie effects on the esti- 

46 mation of the tire air pressure may be corrected. 

[0032] A correcting device may correct at least one of ttie resonant frequency, the tire spring constant, and the esti- 
mated tire air pressure based on the outskie air temperature extracted by the tire temperature-associated value-extract- 
ing device. 

[0033] That is. the correcting device may correct ttie resonant frequency or tire spring constant Indicating a change 
so in ttie tire air pressure or indirectly indicating ttie tire air pressure itself according to the tire temperature-associated 
value. Rather tiian correcting the resonant frequency or tire spring constant the conrecting device may correct the tire 
air pressure estimated based on uncorrected resonant frequency or tire spring constant 

[0034] Take the extracted resonant frequency as an exanple. The above-described correcting device calculates a cor- 
rected resonant frequency given by 

55 

(0* s (ii> - Aa> (Temp) (1) 
where co is a resonant frequency to be corrected. Temp is information about a temperature to be detected, and Aco is a 
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value by which the resonant frequency a> is corrected based on the infonnation about the temperature. The air pressure- 
estimating device estimates the air pressure inside the tire according to the calculated, corrected resonant frequency 

[0035] By correcting the resonant frequency or the like, the effects of the outside air temperature can be easily and 

5 precisely drcumvented. 

[0036] The amount of connection Aa> added to or reduced from the resonant frequency o based on the information 
about the temperature Temp is so selected as to cancel out the effects of the outside air temperature, taking account of 
the following characteristics: "Even if the tire air pressure is constant lowering of the outside air temperature hardens 
tiie rubber portion of the tire and increases tiie resonant frequency. Conversely, rising of the outside air temperature sof- 
10 tens the rubber portion of the tire and lowers the resonant frequency." Fbr this purpose, a map consisting of the afore- 
mentioned information about the temperature Temp and previously stored, corresponding amounts of correction can be 
used. 

[0037] The present invention can also provide an apparatijs for estimating tire air pressure which comprises a vibra- 
tional component output dofice for producing a signal including vibrational components of a tire during vehicle traveling, 

IS an extracting device for extracting a resonant frequency of the vibrational components or a tire spring constant from the 
produced signal including the vibrational cotfiponents. and an air pressure-estimating device fbr estimating air pressure 
inside the tire from the extracted resonant frequency or tire spring constant. In addition, a tire temperature-associated 
value-extracting device is provided to extract a value associated with tire temperature affecting the extracted resonant 
frequency or tire spring constant A decision device makes a decision based on relations between the air pressure esti- 

20 mated by the air pressure-estimating device and a preset decision value as to whether the air pressure is abnormal or 
not Further, a correcting device is provided to correct the dedston value In the decision device based on the tire tem- 
perature-associated value extracted by the tire temperature-associated value-extracting device. 
[0038] When tiie tire air pressure is determined according to the result of the comparison with tiie given decision 
value, tiie accuracy with which the tire air pressure is estimated can be improved by making a correction of the decision 

25 value according to tiie tire temperature-associated value. 

[0039] The extracting device may comprise a linear forecasting device for introducing a linear forecasting model of 
the vibrational component of the tire produced from tiie vibrational component output device to a time sequence signal 
including the vibrational components, identifying parameters off the introduced linear forecasting model, and extracting 
the resonant frequency of tiie vibrational components. 

30 [0040] That is, the parameters of the linear forecasting model can be estimated by finding the correlative coefficients 
between time sequence signals including the vibratipnal components of the tire. If the parameters can be estimated in 
tiiis way, the resonant frequencies in the vertical direction of tiie tire, in the longitudinal direction of tiie tire, and in the 
torsranal direction of rotation of the tire can be found. 

[0041 ] In this case, the linear forecasting device may comprise a parameter-identifying device for introducing a sec- 
35 ond-order forecasting model about the vibrations as given by 

y(k) = -c1 y{k-1 ) - c2y(k-2) + m(ig (2) 

in which k is the sampling time, y(k) is a time sequence signal Including tiie vibrational components of tiie tire, and m(k} 
40 is an external disturbance, and for Mentif ying the parameters c1 and c2, and a resonant frequency calculating device 

for calculating the resonant frequency using the identified parameters c1 and c2. 

[0042] This configuration can reduce the amount of calculation and the capacity of memory necessary for decision of 
the tire air pressure. Since each tire has only one resonant point depending on the air pressure, the above-described 
linear forecasting model is only required to be found to the "second" order. 
45 [0043] In this case, the parameter-identifying device may klentify the parameters c1 and c2 by the least squares 
method. This Is advantageous where the identification is made efficiently. 

[0044] An FFT calculating device which performs high-speed Fourier transform (FFT) on the signal including the 
vibrational components of the tire produced from the vibrational component output device may be provided instead of 
the linear forecasting device. The air pressure-estimating device may estimate the tire air pressure from the resonant 
so frequency of a frequency spectrum obtained by FFT calculation. In this case, the amount of calculation and capadty of 
memory required are increased. However, the accuracy with which the tire air pressure can be estimated can be made 
higher tiian the prior art apparatus. 

[0045] The present invention can also provide an apparatus for estimating tire air pressure which comprises wheel 
speed-detecting devices for detecting a signal indicative of a speed of each of wheels during vehicle traveling, a signal 
55 processor mounted within a housing, the signal processor comprising an extracting device for extracting a resonant fre- 
quency of the vibrational components or a tire spring constant from each wheel speed signal detected by the wheel 
speed-detecting devices, an air pressure-estimating device fbr estimating air pressures inside the tires from the 
extracted resonant frequencies or tire spring constants, and a decision device for making decisions based on relations 
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of the air pressures estimated tiy the air pressure-estimating device to a preset decision value as to whether the air 
pressures are abnormal or not. In addition, a correcting device is provided to extract tire temperature-associated values 
affecting the extracted resonant frequencies or spring constants and conrecting the decisic^ value according to the tire 
temperature-assoaated values. A temperature^ensing device for sensing temperature inside the signal processor as 
5 outside air temperature is disposed within the housing to extract a tire temperature-assodated value used in the cor- 
recting device. 

[0046] The present invention can also provide an apparatus for estimating tire air pressure which comprises wheel 
speed detecting devices for detecting a signal indicative of a speed of each of wheels during vehicle traveling, a signal 
processor mounted within a housing, the signal processor comprising an extracting device for extracting a resonant fre- 

10 quency of the vibrational components or a tire spring constant from each wheel speed signal detected by the wheel 
speed detecting devices, an air pres8ure*^mating device for estimating air pressures insUe ttie tires from the 
extracted resonant frequencies or tire spring constants, a decision device for making decisions based on relations of 
the air pressures estimated by the air pressure-estimating device to a preset decision value as to whether the air pres- 
sures are abnormal or not, and an anti-skid control device for controlling braking forces applied to the wheels so as to 

IS moderate tendencies of the wheels to be locked using the speeds of the wheels catoulated according to the signals 
indicative of ttie wheel speeds. Further, a correcting device is provided to extract a tire temperature-assodated value 
affecting the extracted resonant frequendes or spring constants of the tires and correcting the dedsion value according 
to the tire temperature-associated values. A temperature-sensing device for sensing temperature inside the signal proc- 
essor as the outside air temperature is disposed within the housing of the signal processor to extract a tire temperature- 

20 associated value used in the correcting device. 

[0047] The device for estimating or judging the tire air pressure and the device for providing anti-skid control are 
installed within the signal processor in this way. And. the temperature-sensing device for retracting tenrq^eratures asso- 
dated with the tire temperature is also positioned within the housing of the signal processor. The estimation of the tire - 
air pressure and anti-skid control are both provided according to signals from the common wheel speed-detecting 

25 devices. The integration of the signal processing unit for estimating or judging the tire air pressure with ttie signal- 
processing unit for providing anti-skid control permits execution of signal processing at one location. Also, the number 
of compon^ts can be reduced. In this case, if the temperature-sensing device for extracting tire temperature-associ- 
ated values is located within the housing of the single signal processor, the'eame advantages can be provided as in ttie 
fbregdng. 

30 [0048] Next a second aspect of the present invention is descrOsed to achieve the third object 

[0049] An apparatus for estimating tire air pressure according to the second aspect of the present Invention, com- 
prises a detecting device for detecting a signal including vibrational components of a tire during vehicle traveling, an 
extracting device for extracting a resonant frequency or a tire spring constant assodated with the tire air pressure from 
ttie vibratioial components detected by the detecting device, a signal processing-filter for allowing the signal induding 

3S the vibrational components of a preset band of frequendes to pass In order to extract the resonant frequency or tire 
spring constant from the vibrational components, and an air pressure-estimating device for estimating air pressure in 
the tire according to the resonant frequency or tire spring constant that is extracted from the signal passing through ttie 
signal-processing filter. In particular, a shifting device is further provided to shift the frequency band of the signal pass- 
ing through the signal-processing filter according to the resonant frequency or tire spring constant previously extracted 

40 by the extracting device while maintaining the widtti of the frequency band constant. 

[0050] That is, the above-described prot)lem is solved by adopting a filter having a narrowed pass-band capable of 
suppressing variations in the air pressure-detecting performance, deriving a frequency range permitting optimum and 
accurate detection, and shifting the pass-t>and of the filter according to the derived pass-band. 
[0051] At this time, the frequency range permitting optimum and accurate detection may be derived as described 

45 below. 

[0052] For example, the shifting device shifts the pass-band of the filter in such a manner that the previously extracted 
resonant frequency or spring constant, or an average value of the resonant frequendes or spring constants which are 
obtained by a predetermined number of extradions is brought almost into the center of the pass-band. Therefore, the 
signal having a narrow band of frequencies, the center of which corresporKis to the resonant frequency or the frequency 

so of the tire spring constant expressing the tire air pressure is allowed to pass through the filter. In consequence, noises 
can be eliminated efficientiy such that the amount of the signal components expressing ttie resonant frequency or tire 
spring constant is prevented from decreasing as much as possible. Our detailed investigation has revealed that there 
exist many frequency components creating noises around the resonant frequency of the vibrational components 
dependent on the tire air pressure. Therefore, it is necessary to adopt a filter having a narrowed pass-band to suppress 

55 variations of the air pressure detection performance. As shown in Fig. 16A, when the temperature is low and the air 
pressure is high, noises are present outside ttie pass-band of the filter ttiat is preset to from 30 to 50 Hz. Therefore, the 
peak of the resonant frequency in the output frequency characteristic of the filter is not truncated and so the detection 
accuracy is suffidently high. On the other hand, as shown in Fig. 16B, when the ambient temperature is high and the 
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air pressure is low, for example, the peak of the resonant frequency is located near one end of thefflter, i.e., frequencies 
providing the greatest power spectrum of the resonant frequency. In this case, if the filter having the pass-band of from 
30 to 50 Hz is used, the peak of the output freqiiisncy c^aracjleristic of the filter is moved from that of the original signal 
atthe end of the pass-kMind of the fitted This causes the chahgefof^^ This is because 

s many frequency coniporients that shdiuld be preserved. ^st^qutsi^ of the filter. If this situation takes 

place, and if a true clnhgiB in theTespnant frequency t^ place duei tb .tire air pressure as shown in Rg. 17, the res- 
onant frequiehcy extiactecl^thrpu0h tha can deal with such issues. In par- 
ticular, tiie resiohant frequency does not change i^apidly unless the tire air pressure varies rapidly (unless it is a burst or 
the tike). Consequently. tKe pass-band of thefitteris shifted such that the preyiptisly detected resonant frequency or the 

10 average of the results of past plural detections Is brought into ^e center of the passrband of the fitter. Thien, prepara- 
tions aire me^e for the next detection. In^is way, a true change in the resbharit frequency due to tire aii' pressure can 
be detected at ail times. Someivhat m^ in the air pressure diie to aging or puncture qan be detected pi^e- 

clsety. The tire spring constant can b^ extracted in the sarhe'wa^^ Is extracted. 

[0053] Also, the shifting device sHifts thefpa^-band the oDfFerence between the previ- 

15 ousiy extracted resonant frequ^ric^ »r sprihg cohstarit, br ah ayeifage viatue of the resonant frequencies or spring con- 
stants which are obtained by a predetermined number of extractions and a central value of the pass-band is within a 
reference range. At this time, the shifting device makes a decision as to whether the difference with the center vatue is 
within the reference range, and determines whether the result of the extraction made by the extracting device may be 
used in the tire air pressure-estimating device. The shifting defvicecnnay repeat the shift of thepass^band until the differ- 

20 ence wHh the center value decreases within the reference range. Although the amount of calculation is increased com- 
pared with the case as descfibecl abpve, acQurate detection is assured even if the resonant frequency has changed 
greatfy l>y repliacement of the tire. 

[0054] The shifting device may shift the pass-band according to the ambient temperature. Specifically, a filter having 
a nanrow frequency band from a frequericy corresponding: to'a high pressure to a frequency corresponding to a low 

^ pressure at a constant temperature is adc^ed. This narrow frequency band is contained in a frequency range corre- 
sponding to the air pressure range to fc»e detected, the frequencyninge lying from a frequency in a low-temperature, 
high-pressure condition to a frequency in a high-temperature, low-pressure condition. Variations of the aiir pressure 
detection performance are suppressed by using the filter having the narrow pass-band. When variations in the frer 
quency due to temperature variations take place, the pass-band of the filter is shifted by a forecasted amount of change 

30 in thiB frequency due to the temperature. 

[0055] The shift of the pass^band may be allowed or r^ohibited according to system's response time in the tire air 
pressure-estiniating apparatus. 

[0056] The second aspect of the present invention can provkJes an apparatus for estimating tire air pressure which 
comprises a detecting device for detecting a signal including vibrational components of a tire during vehicle traveling. 

35 an extracting device for extracting a resonant frequency or a tire spring constant associated with the tire air pressure 
from the vibrational components detected by said detecting device, a signal processing-filter for allowing the signal hav- 
ing a preset band of frequencies to pass, an air pressure-estimating device for estimating air pressure in the tire accord- 
ing to the resonant frequency or tire spring constant that is extracted from the signal passing through the signal- 
processing fiKer, and a modifying device for modifying wtdtii of the pass-band of tiie signal processing filter. 

40 [0057] In particular, when rt is necessary to roughly find the value of the resonant frequency or spring constant of the 
vibrational components dependent on the tire air pressure, the width of the pass-band is increased. When it is neces- 
sary to accurately find tiie value of the resonant frequency or spring constant of the vibrational components dependent 
on the tire air pressure, the width of the pass-k>and is narrowed. This makes it possible to estimate the tire air pressure 
accurately 

45 [0058] The modifying device may modify the width of tiie pass-band of tiie signal-processing fitter according to at least 
one of intensity of the signal previously passing through said signal-processing filter, vehicle speed, and the resor^ant 
frequency or tire spring constant extracted by the extracting device in the past. That is, the width of the pass-t)and of 
the filter is optimized according to the circumstances to suppress^ variations In the air pressure detection performance. 
For example, even though a slight amount of noise is present near the resonant frequency of the vibrational compo- 
se nents dependent on the tire air pressure, if the intensity of the signal of the resonant frequency of the vibrational com- 
ponents is sufficientiy large, the resonant frequency can well be detected. Therefore, in this case, the wkfth of the pass- 
band is increased. In the reverse case, the width is decreased. The relation between the signal intensity of the resonant 
frequency of- the vibrational components dependent on the tire air pressure and the signal intensity of noise (S/N) 
depends on the vehicle speed. Therefore, the v^dth of the pass-band of the filter may be varied according to the vehicle 
55 speed. The frequencies at which some noises are generated are determined by the kind of vehicle. Therefore, when 
the frequency band of the resonant frequency of the vibrational oorrv>onent8 is dose to the frequencies at which the 
noises are generated, the width of the pass-band of the fitter may be narrowed. In the reverse case, the width may be 
broadened. 
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[0059] The modifying device may vary the width of the pass-band of the filter atxordir^ to system's response time in 
the tire air pressure-estimating apparatus. When a fitter has a frequency range covering the air pressure range to be 
detected, i.e., a wide pass-band from a frequency under a low-temperature, high-pressure condition to a frequency 
under a high-temperature, low-pressure condition, quick detection Is permitted although the accuracy is poor. Con- 

5 versely, when the pass-band of the filter is narrowed as mentioned previously, it takes a long time to find the optimum 
state of the width of the pass-band although the detection accuracy is high. In view of them, the width of the pass-band 
may be varied according to the system's request time. For example, when an Initial decision should be made immedi- 
ately after the ignition switch of the vehicle is turned on, the pass-band of the fitter is widened. As a result the resonant 
frequency of the vibrational components dependent on the tire air pressure is roughly detected. In this way, priority is 

10 given to the computational time and to the response time rather than the detection accuracy. During later detection, for 
example, the pass-band of the filter Is slowly narrowed to obtain an optinnum f 9ter pass-band. As a result, detection is 
effected with high response while maintaining the accuracy to some extent In this way, the width of the pass-band of 
the filter may be switched between the case where greater Importance is placed on the response of the system than 
the accuracy and the case where greater importance is placed on the accuracy of detection than the response. Hence, 

IS the tire air pressure can be estimated by a method best matching the requirement. 

[0060] The shifting device may shift the pass-band of the fitter only when vehicle speed or Intensity of a signal passing 
through the signal-processing filter satisfies a predetermined condition (for example, greater than a reference value). 
[0061] In particular, when the signal intensity of the resonant frequency dependent on the tire air pressure is not suf- 
ficiently large, the relative effects of noises at frequencies dose thereto are large. As a result, the detection of the res- 
20 onant frequency tends to produce errors. If the pass-band of the filter is shifted without taking account of the signal 
intensity, there exists a possibility of moving the pass-band into an incorrect frequency range. Therefore, if the pass- 
band is stiifted according to the signal Intensity while taking noise effects into consideration, more accurate estimation 
of the air pressure can be achieved. 

[0062] The second aspect of the present invention can also provide an apparatus for estimating tire air pressure which 
25 comprises a detecting device for detecting a signal Including vibrational components of a tire during vehicle traveling, 
an extracting device for extracting a resonant frequency or a tire spring constant associated with the tire air pressure 
from the vibrational components detected by the detecting device, a signal processing-filter for allowing the signal hav- 
Ing a preset band of frequencies to extract the resonant frequency or tire spring constant from the signal passing there- 
through, an air pressure-estimating device for estimating air pressure in the tire based on the resonant frequency or tire 
30 spring constant that is extracted from the vibrational components of the signal passing through the signal-processing 
filter, an a shifting-and-modifying device for shifting a frequency pass-band of the signal-processing filter according to 
the resonant frequency or tire spring constant previously extracted by the extracting device and for modifying width of 
the pass-band of the signal-processing filter. 

[0063] That is. a modification of the wkitii of tiie pass-band and its shift are both canied out. At this time, the width of 
35 the pass-band is modified (increased) first and tiien a shift thereof is made. In this way, the accuracy of detection of the 
resonant frequency can be improved by a shift of the pass-band after the resonant frequency is temporarily extiiacted 
by a modification of the width. In consequence, the accuracy is enhanced while the response time of the estimation of 
the tire air pressure can be shortened. 

40 BRIEF DESCRIPTION OF THE DRAWINGS 

[0064] These and other objects, features and characteristics of the present invention will be appreciated from a study 
of the following detailed description, the appended claims, and drawings, all of which form a part of this application. In 
the drawings: 

45 

Rg. 1 is a.block diagram showing the configuration of a tire air pressure-estimating apparatus according to a first 
embodiment of the present invention; 

Fig. 2 is a block diagram showing the electronic configuration of a tire air pressure-estimating apparatus of tiie first 
embodiment; 

50 Fig. 3 is a ctiaracteristic map showing the relation between tire air pressure and resonant frequency; 

Fig. 4 is a block diagram schematically showing the configuration of a signal processor in the tire air pressure-esti- 
mating apparatus; 

Fig. 5 shows a physical model with respect to vibrations of a tire/suspension system; 

Fig. 6 is a characteristic diagram illustrating the chance that outside air temperature agrees with the temperature of 
55 a passenger compartment or with the temperature of a device disposed in the signal processor; 

Fig. 7 is a long-term characteristic diagram illusti'ating the chance that outside air temperature agrees witti the tem- 
perature of the passenger compartment or with the temperature of the device disposed in the signal processor; 
Rg. 8 is a characteristic diagrarp showing changes in physical properties of a diode; 
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Fig. 9 is a flowchart illustrating control processing according to the first embodiment of the present invention; 
Rg. 10 is a characteristic diagram showing a resonant frequency varying d^endent on the outside air temperature; 
Fig, 11 is a ^'aph showing the manner in which the resonant frequency is corrected responsive to the outside air 
temperature; 

5 Rg. 1 2 is a graph showing the amount of conrectioh by which a resonant frequency is corrected responsive to the 
outside air temperature; 

Fig. 13 is a characteristic diagram showing the relation betwe^i a resonant frequency and a tire air pressure. 
Rg. 14 is a flowchart illustrating control processing according to a second embodiment of the present invention; 
Rg. 15 is a graph showing the amount of conrection by which a resonant frequency is connected responsive to the 
10 outside air temperature; 

Figs. 16A and 16B are characteristic diagrams showing the wavelom^ of signal intensities of frequency conpo- 
nents dependent on tire air pressure before and after passage through a filter; 

Fig. 17 is a characteristic diagram showing one example of resonant frequency extracted with a fixed narrow band 
filter; 

IS Fig. 1 8 is a schematic diagram showing one example of the display unit; 

Fig. 19 Is a block diagram illustrating control flow according to the third embodiment; 
Fig. 20 is a flowchart illustrating control processing of a fourth embodiment; 
Fig. 21 is a flowchart illustrating control processing of a fifth embodiment; 
Fig. 22 Is a flowchart illustrating control processing of a sixth embodiment; 

20 Fig. 23 is a characteristic diagram used as a reference in explaining a specific method of calculating signal inten- 
sity; 

Fig. 24 is a characteristic diagram showing another example of calculating the signal Intensity of vibration input 
from a road surface; 

Fig. 25 is a flowchart illustrating control processing of a seventh embodiment; 
25 Fig. 26 is a flowchart illustrating control processing of an eighth embodiment; 

Fig. 27 is a flowchart illustrating control processing of a ninth embodiment; 

Fig. 28 is a flowchart illustrating control processing of a tenth embocfiment; \ 

Fig. 29 is a flowchart illustrating control processing of an eleventh embodiment; 

Fig. 30 is a flowchart illustrating control processing of a twelfth embodiment; and 
30 Rg. 31 is a flowchart illustrating control processing of a thirteenth enrt)odlment 

DETAILED DESCRIPTION OF THE EMBODIMENTS 

[0065] Embodiments of the tire air pressure-estimating apparatus aocoiding to the present invention are hereinafter 
35 described with reference to the accompanying drawings. j 

(First Embodiment) 

[0066] An apparatus in accordance with a first embodiment is desired to detect the resonant frequency of each of 
40 wheel speeds and to nnake a decision, based on the resonant frequency, as to whether the actual tire air pressure is 

lower than a lower limit. 

[0067] As mentioned previously, a relation holds between the air pressure in a tire and the resonant frequency of the 
tire. That is, as the tire air pressure becomes lower, the resonant frequency becomes lower. Further, torsional vibration 
in the direction of rotation of the tire is contained in a wheel speed signal. The torsional vibration is detected as the res- 
45 onant frequency or the spring constant of the tire, based on the wheel speed signal. A predetermined relation hokis 
between the tire air pressure arxJ the resonant frequency included in the wheel speed signal. That Is, as the tiria air pres- 
sure becomes lower, the resonant frequency Included in the wheel speed signal decreases. 

[0068] Accordingly, in the apparatus according to the first embodiment, the tire air pressure is estimated from a map 
describing the relation between the tire air pressure and the resonant frequency estimated from the wheel speed signal 
so as shown in Rg. 3. A decision is made as to whether the estimated tire air pressure is lower than the tower limit affecting 
the operation of this vehicle. 

[0069] As shown in Fig. 1 . wheel speed sensors 2-5 are mounted or> the vehicle, corresponding to tires 1a-1d of the 
vehicle. The wheel speed sensors 2-5 comprise rotors 2a-5a and pickup coils 2b-5b, respectively. The rotors 2a-5a are 
mounted coaxially with rotating shafts (not shown) of the tires la- Id, respectively. The rotors 2a-5a are made of dislG 
55 of a magnetic substance. 

[0070] The pickup coils 2b-5b produce AC signals having periods according to the rotational speeds of the rotors 2a- 
5a. i.e., the rotational speeds of the tires la-Id, respectively. 

[0071] AC signals produced from the pickup coite 2b-5b are applied to a well-known electronic coritroller (hereinafter 
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referred to as ECU) 6 includir^ a microcomputer 600 and a waveform-shaping circuit. The microcomputer 600 is c<^- 
posed of a CPU 601 , ROM 602, and RAM 603. The AC signals produced by the pickup coils 2b'5b undergo certain slg- 
nal processing Including waveform shaping. This ECU 6 corresponds to the signal processor. 

[O072] The results of this signal processing are sent to a display portion 7 to inform the driver of the states of the air 
5 pressures in the tires 1 a-ld. This display portion 7 may show the states of the air pressure In the tires 1a-1 d separately 
The display portion 7 may consist of one warning lamp to inform the driver that the air pressure in any one of the tires 
1a-1d has decreased below the lower limit (of a reference air pressure range). 

[0073] A reference nurTi>er 8 represents an electronic controller for performing anti-sKid control and/or traction control. 
As described later, the electronic controller 8 receives data of the air pressures of the tires and utilizes it in anti-sMd con- 

w trot and/or traction control. 

[0074] The operation of the ECU 6 is described by referring to Fig. 2. The ECU 6 makes a decision based on the out- 
puts (wheel speed signals) from the wheel speed sensors 2-5 and the output (a signal corresponding to a tire tenrper- 
ature-associated value) from a temperature-sensing device 6i as to whether the tire air pressures of the wheels are 
abnormal or not. Also, the ECU 6 produces a drive signal to the display portion 7. 

IS [0075] As shown in Fig. 2, the ECU 6 comprises resonant point-detecting portk>ns 6a-6d for detecting the resonant 
frequencies of the tires based on the wheel speed signals from the wheel speed sensors 2-5 and the outside air tem- 
perature signal from the terrperature-sensing device 6i, decision portions 6e-6h for making decisions based on the 
detected resonant frequencies as to whether the air pressures in the tires are abnormal or not. and the temperature- 
sensing device 6i. 

20 [0076] As shown in Fig. 4, the ECU 6 has a microcomputer 600 and realizes the functions of the resonant point- 
detecting portions 6a-6d and the functions of the decision portions 6e*6h by making use of the arithmetical functions of 
the mk;rocomputer. As is well known, this microconputer 600 comprises a CPU 601 that is an arithmetic processing 
portion, a ROM 602 mainly used as a program memory, and a RAM 603 used as a data memory 
[0077] The microcorrputer 600 arnJ temperature-sensing device 6i are integrally covered by a housing 6j forming the 

25 contour of the ECU 6. 

[0078] The signal processing executed by the ECU 6 is next descrit)ed in detail. First, the fundamental principle of 
estimation of the resonant frequencies is described, the estimation being made in the resonant frequency-caicidating 
portions 6a-6d of the ECU shown in Fig. 2, based on the wheel speed signals. 
[0079] A physical model of estimation of tire air pressure can be expressed as shown in Fig. 5. 

30 [0080] That Is. road surface disturtsance m(k) that is white noises is applied as an input to the tire/susper^ion system. 
As a result, the wheel speed signal y(k) is produced. At this time, the wheel speed signal y(k) includes resonant fre- 
quency components dependent on the tire air pressure. Instead of the road surface disturbance m(k). brake fluid pres- 
sure vibrations created by turning on and off a solenoid valve (duty control of the solenoid valve) may be transmitted 
from the brake system of the wheel to the tire on the wheel via the wheel cylinder. In this case also, external vibrations 

35 for inducing resonance vibration of the tire are applied to the tire. 

[0081 ] In the tire air pressure-estimating apparatus in accordance with the first embodiment, the tire/suspension sys- 
tem is approximated by a linear forecasting model. The parameters of the model are identified by the least squares 
method. Assuming that there exists one resonant point dependent on the air pressure for each tire, it is only necessary 
that this linear forecasting model be approximated up to the "second" order. This can minimize the amount of calculation 

40 and the capacity of data memory (RAM 603) necessary for the ECU 6. 

[0082] As shown previously, a second-order discrete time nxxlel can be given by 

y(k) = -cl y(k-1 ) -c2y(k-2) + m(k) (2) 

45 where k is a sampling time. m(k) is road surface disturt)ance, and y(k) is the wheel speed signal as described above. 
[0083] The unknown parameters c1 and g2 are kientified, using finite number of observed data items y(k). In this 
example, these unknown parameters cl and c2 are identified by the least squares method. 

[0084] More specifically, let 6 be a parameter vector. Let z be an observed value vector. We define the following two- 
dimensional vectors: 

50 



55 
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e = 



/ \ 
-cl 

-c2 



(3) 



10 



(4) 



15 [0085] Thus. Eq. (2) above can be rewritten as 



y{k) = Z'{k)^-¥m{k) 



(5) 



[0086] As mentioned previously. m(K) included in Eq. (5) is road surface disturbance and can be regarded as white 
20 noises. Estimation of the unknown parameters by the least squares method is made by finding such a value of Eq. (3) 
that minimizes a performance function represented by 



25 



ik) 



(6) 



30 [0087] According to the batch-type least squares method, the estimated value of Eq. (3) that minimizes Eq. (6) can 
be given by 



35 



9= i£ 



(7) 



For example, see "Introduction to Robust Adaptation ControP, by Mikio Kanai. Publishing Company, and "Intro- 
duction to System Identification", System Control Information Library 9. by Toru Katayama. AsaKura PublisNng Com- 
40 pany 

[0088] The resonant frequency a> is found from the cl and c2 identified in this way 

[0089] Letting T be the sampling interval, the relation among the parameters cl and c2 of the second^rder discrete 
time model, the resonant frequency <d, and an attenuation coefficient C are given by the following Eqs. (8) and (9): 



45 



Cl = -2 c 2"<«''cos ( 2mVl - 42 T) 



(8) 



50 



C2 = c'"^"'' 



(9) 



[0090] Therefore, the resonant frequency a> and the attenuation coefficient C can be computed, using the following 
55 Eqs. (10) and (11): 
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o = - — J 2 — ♦ cos M - — — 10 



< = i-.iogc2 (11) 

4na)r 
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[0091 ] As mentioned previously, the resonant frequency g> found from Eq. (1 0) is affected by a tire temperature-asso- 
ciated value (e.g., the outside air temperature) and so it is necessary to correct its effects. 

[0092] The temperature*sensing device 6i mounted in the ECU 6 is a means for deriving a tire temperature-associated 
value. The principle on which the outside eur temperature is estimated using the temperature-sensing device 61 is next 

20 described by referring to Fig. 6. 

[0093] Fig. 6 schematically shows the relation between the outside air tenperature and the temperature of the tem- 
perature-sensing device 6i mounted in the ECU 6 when the vehicle assumes a typical dally running pattern. In this case, 
the most frequently encountered situation is considered. Before the ignition switch (IG) is first turned on, the vehicle is 
kept inoperative for a sufficientiy long time. Then, the engine is started responsive to the ignition switch turned on. 

25 Under this condition, it can be considered that the temperature of the temperature-sensing device 61 mounted in the 
ECU 6 Is the same as the temperature of the passenger compartment because the device 6i does not generate heat 
by energization and because the history of temperature does not affect the device. 

[0094] The relation between the temperature of the passenger oompartn)ent of this vehicle and the outside air tem- 
perature is discussed. It can be cortsldered that when the effects of sunlight are small, the temperature of the passenger 

30 corrpartment is nearly equal to the outside air temperature. Because the temperature of the temperature-sensing 
device Si is the same as the temperature of the passenger compartment, and because tiie temperature inside tiie pas- 
senger compartment is identical with the outside air temperature, the temperature of the temperature-sensing device 61 
is equal to the outside air temperature at time point a, at which the outside air temperature can be estimated from the 
temperature-sensing devica6i. The vehicle Is started by turning on the ignition switch (IG) under ttie above-described 

3S condition. This start is hereinafter referred to as "cold start." 

[0095] When the Ignition switch (10) is turned on and the vehicle is started as shown in Ftg. 6, the temperature-sens- 
ing device 6i mounted in the ECU 6 reaches a temperature b at which the temperature raised by heat generated by the 
energized temperature-sensing device 6i is at balance with the temperature of the surrounding passenger compart- 
ment. When the surroundings are cooled by an air conditioner, ttiis t>alance point b moves into a tower point b\ 

40 [0096] If tiie ignition switch (IG) is turned off and the vehicle comes to a stop, the temperature-sensing device 61 Is 
deenergized. The temperature of the temperature-sensing device 6i begins to drop to a point c. 
[0097] When normal usage of tiie vehicle is considered, however, the vehicle stop period is not always long enough 
to annihilate the temperature history of the tenrperature-sensing device 61. Sometimes, the ignition switch is turned on 
again during cooling and the vehicle is started as indicated by the point c. The time point a is obtained when the ignition 

45 switch is first turned on as shown in Fig. 6. The point c is also obtained when the ignition switch is turned on for the 
second time in Fig. 6. 

[0098] In this way, tiie temperature of the temperature-sensing device 61 mounted inside the ECU 6 converges back 
to the outside air temperature and reaches a point d while affected by the period for which the ignition switch is kept off, 
the radiant heat, and the operating condition of the air conditioner. 
so [0099] Thus, it can be said from the viewpoint of usage of ttie vehicle that tiiere always exists a time when the tem- 
perature of the temperature-sensing device 6i mounted in the ECU 6 agrees with the outside air temperature as indi- 
cated by tiie point a as lllusti-ated in Rg. 6. 

[01 00] In Fig. 6, the temperature of tiie temperature-sensing device 6i converges to the outside air temperature at tiie 
point a. After the ignition switch Is turned on, heat Is generated by the energization of the device 6i. This produces noise 
55 in estimating the outside air temperature. Estimating the outside air temperature after the point a is undesiratjie. 
Accordingly, it is necessary to read the temperature of the temperature-sensing device 6i just when the ignition switch 
Is turned on. 

[0101 ] When the ignition switch (IG) is turned on. convergence of the temperature of the temperature-sensing device 
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6i to the outside air temperature as Indlcaied by the point a has not always taken place. Sometimes, the temperature 
history still lingers as indicated by the point c. Because the outside air temperature can be estimated only at the point 
a, to assure that this point a is detected, it is necessary to preset the number of times the ignition switch (IG) is turned 
on. Appropriate selection of this preset number of times ensures the detection of the point a, that \s, at least one chance 

5 that the outside air temperature agrees with the temperature of the temperature-sensing device. 

[0102] This preset number of times is meaningless in a long term where the outside air tenperature is varied by sea- 
sonal changes. To prevent the outside air temperature from being varied due to seasonal changes, the preset number 
of times is set with respect to a term of a few or several days. As a result, at least one cold start is assured among the 
plural detections of the ignition wKch turned on. 

10 (01 03) The point a to which the temperature of the temperature-sensing device 6i converges to the outside air tem- 
perature and the temperature of the device 61 at other times are discussed. Essentially, the temperature of the temper- 
ature-sensing device 6i is higher than the surrounding temperature, or the temperature of the passenger compartment, 
because the device 6i produces heat by itseK during energization. This dmce 6i Is cooled when the air conditioner is 
in operation. As described above, the temperature of the temperature-sensing device 6i is detected only the instant the 

IS ignition switch is turned on. Therefore, it can be said that the cooling effect of the air conditioner hardly affects the tem- 
perature of the device 6i. 

[0104] This leads one to consider that when the ignition switch is turned on plural times and the detected tempera- 
tures of the temperature-sensing device 6i are still affected by the temperature history, the detected temperatures are 
always higher than the temperature of the passenger compartment. On the other hand, when the temperature of the 
20 temperature-sensing device 61 has converged to the outside air temperature, the lowest temperature sfiould take place 
among the temperatures of the device 61 detected plural times. 

[0105] Hence, the outside air temperature can be estimated from the temperature of the temperature-sensing device 
6i mounted in the ECU 6 by taking the lowest one of the temperatures detected in this way as the outside air tempera- 
ture. 

25 [0106] Rg. 7 is similar to Fig. 6, but drawn on a semiannual scale. 

[0107] Estimation of the tire air pressure is affected most greatly by seasonal variations of the outside air temperature. 
If the outside air temperature can be estimated at the point a in Fig. 6, the seasonal variations of the outside air tem- 
perature can be estimated. This improves the accuracy with which the tire air pressure is estimated. 
[0108] Rg. 8 shows the output characteristics of a generally Known semiconductor device consisting of a diode. This 

30 is one example of the temperature-sensing device 6i mounted in the ECU 6. As shown in Fig. 8. the semiconductor 
device exhibits excellent linearity and its cost is relatively low. 

[0109] A specific example of processing for estimating the air pressure by a tire air pressure-estimating apparatus In 
accordance with the first embodiment is described by referring to the flowchart, which illustrates the contents of control 
processing of the ECU 6. Since the ECU 6 performs similar processing for all of the tires la-Id, the flowchart given 

35 below describes only the processing regarding the tire la. 

[0110] Fig. 9 is a flowchart illustrating an example of method of conrecting the resonant frequency or tire spring con- 
stant based on a tire temperature-associated value (e.g., an estimated value of the outside air temperature). 
[01 1 1 ] When the ignition switch of the vehicle is turned on. this processing is started. First, at step 1 0, it is determined 
whether the number of times the ignition switch is turned on is "1". 

40 [01 1 2] If the result of the decision made in step 1 0 is that the number of times the ignition switch is turned on is "1 
control processing goes to step 70. At step 70, the temperature of the temperature-sensing device 6i mounted in the 
ECU 6 is read as the estimated outside air temperature Temp. That is. this temperature observed when the ignition 
switch is turned on for the first time is set as the estimated outside air temperature Temp. 

[01 1 3] If the result of the decision made in step 1 0 is that the number of times tiie ignition switch is turned on is two 
45 or more, control processing goes to step 80. At step 80, if the outside air temperature Tl obsenred when the ignition 
switch is turned on at this time is determined to be lower than the previously estimated value Temp of the outside air 
temperature, control processing proceeds to step 90. At step 90. this ot>served value Ti of the outside air tenrperature 
is read in as the estimated value Temp of the outside air temperature to replace the old estimated value with the new 
one. 

so [0114] If the result of the decision made in step 80 is that the outside air temperature Ti observed at this time is not 
lower than the previously estimated value Temp of the outside air temperature, the estimated value Temp is not 
updated. In this way, the lowest one of the estimated temperatures of the outside air* temperature when the ignition 
switch is turned on n times is found. For example, n may be set to approximately 5 to 10. For each individual vehicle, 
an estimated average number of times the ignition switch is turned on from a long deactivation of the ignition switch to 

55 a next long OFF state of the ignition switch may be set as ttie reference number of times n. The vehicle may be operated 
to go for a drive or for purchasing in the intervening period between these two long periods of OFF state of the ignition 
switch. 

[0115] In step 100. a pulse signal produced by wave-shaping the AC signal from the pickup coil 2b is read in. The 
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pulse length is divided by the pulse duration. The wheel speed Vx Is independently calculated for each wheel. 

[0116] As illustrated In the flowchart, the resonant frequency or spring constant of the tire is calculated by the (ollowing 
linear forecasting method using Eqs. (2)-(11) deserved above. 

[01 17) In step 1 1 0. a narrow band-pass filter (hereinafter referred to as the band-pass f Oter) having a preset frequency 
5 pass-band about from 30 to 50 Hz or about from 60 to 90 Hz relatively accentuates the int^ittes of vibrational fre- 
quency components used to estimate tire air pressure, for extracting these vibrational frequency components of the 
wheel speed calculated in step 100. 

[01 18] The wheel speed signal passing through the band-pass filter is the wheel speed signal y(IO, or Eq. (2), defined 
in the description of ^e principle. 
10 [01 1 9] The parameter-identifying step 1 20 identifies the parameters c1 and c2 of the above-described discrete time 
model from the wheel speed signal y(k) extracted by the tmndpass fitter 110, using Eq. (7) described above. 
[0120] In a resonant frequency converter step 130, a resonant frequency a>1 is calculated from the parameters c1 and 
c2, usirtg Eq. (10) defined in the description of the principle. 

[0121] In step 140, the resonant frequency ol calculated in step 130 is corrected with the aforementioned estimated 
IS value Temp of the outside air temperature. This estimated value Tervp used for correction of the resonant frequency cdI 
is the mininrxim value of estimated outside air temperatures measured immediately after the ignition switch Is turned on 
n times. As described previously, the calculated resonant frequency a>1 is affected by the outside air temperature as 
shown in Fig. 10 even if the tire air pressure is uniform. 

[0122] More specifically, as shown in Rg. 10, as the outside air temperature T goes lower, the resonarit frequency o 
20 increases for the same air pressura We consider that as the outside air temperature T becomes lower, the rubber por- 
tion of the tire (especially, tfie tire sidewall) hardens, increasing the spring constant thereof. 
[0123] Accordingly, In order to prevent the accuracy of detection of the resonant frequency a> from being deteriorated 
due to the outside air temperature, it is necessary to con'ect the resonant frequency co in response to the outside air 
temperature Temp (Fig. 11). 

25 [0124] For this purpose, a correcting map as shown in Rg. 1 2 is stored in the resonant frequency-correcting portion. 
The calculated resonant frequency a>1 is corrected according to this correcting map (step 140). 
[0125] Let Aa> be the amount of connection added to the resonant frequency o as a function of the outside air temper- 
ature Temp estimated In step 90. At this time, the corrected resonant frequency co' can be given by . 

30 o'^o-Aq (12) 

[0126] In the next step 150, a decision is made as to whether the air pressure in the tire is abnormal or not, based on 
the result of a comparison of the calculated, corrected resonant frequency a>' with a preset decision value. This is used 
as a threshold value in determining whether air pressure drop is abnormal or not. 

3S [0127] In an air pressure drop-determining step 150. it is determined whether the air pressure In each individual tire 
is abnormal. If the result of the decision is that the air pressure has dropped abnormally, at step 160, a warning lamp in 
the display unit 7 shown in Fig. 1 is activated, thus informing the driver of this air pressure drop. 
[0128] Four light emitting portions (for example, light emitting diodes) can be mounted to indicate abnormality of the 
air pressures inside the four tires separately. Only one light emitting portion can be lit up to inform the driver that any 

40 one of the tires is abnormal. 

[0129] For reference, resonant frequencies of tires calculated by the tire air pressure-estimating apparatus in accord- 
ance with the first embodiment are shown in Rg. 13. It can be seen that the estimated tire resonarrt frequency changes 
in an almost linear relation to the tire air pressure. 

45 (Second embodiment) 

[0130] In the embodiment described thus far, vibrational frequency components are extracted from the wheel speed 
signal. The resonant frequency or tire spring constant used for estimation of the tire air pressure is corrected leased on 
a tire temperature-associated value (e.g., outside air terrperature). In a second embodiment, a decision value is used 
50 in making a decision based on the calculated tire resonant frequency or tire spring constant as to whether the tire air 
pressure is abnormal or not, and this decision value is corrected t)ased on a tire temperature-associated value (e.g., 
outside air temperature). 

[0131] A flowchart for this second embodiment is Illustrated In Fig. 14. 

[0132] The contents of steps from step 10 to step 130 for calculating the resonant frequency cdI are the same as the 
55 contents of the processing of the above-described first embodiment and thus are omitted here. 

[0133] In step 145. a decision value cok used for determining a tire air pressure decrease is conrected teased on the 
outside air temperature Temp estimated in step 90. Let Acok be the amount of correction with respect to the decision 
value a>k. A corrected decision value o>k' used for determining a tire air pressure decrease is given by Eq. (13). 
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a ok -(^ Aok (13) 
[0134] A correcting map shown in Rg. 15 is used for this correction. 

[0135] In the next step 250, the previously calculated resonant frequency col is compared in magnitude with the oor- 
5 reeled dedsion value odK" used for determining a tire air pressure decrease. If the resonant frequency a>1 is less than 
the con-ected decision value cok*, the result of the decision is that an abnormal tire air pressure has taken place. In this 
case, at step 160. the display unit 7 shovm in Rg. 1 is operated to inform the driver of the air pressure drop. 
[0136] As described thus far, the tire air pressure-estimating apparatus in accordance with the embodiments esti- 
mates the tire air pressure with improved accuracy from the resonant frequency, because the tenperature-sensing 
10 device is mounted in the signal processor, and because the resonant frequency or the decision value is corrected based 

< 

on a tire temperature-assodated value that is information about the outside air temperature. 

[0137] in the abov&described enr^odiments, the tire/suspension system of this vehide is approximated by a linear 
forecasting model as given by Eq. (2). The parameters of the model are identified by the least squares method to esti- 
mate the resonant frequency of the wheel speed signal y(k) dependent on the tire air pressure. Therefore, the amount 
IS of calculation and the capadty of memory required can be reduced greatly compared with the case where feist Fourier 

transform (FFT), for example, is used. 

[0138] In the above-described embodiments, the batch-type least squares method Is adopted to Identify the param- 
eters c1 and c2 of the introduced linear forecasting model. Obviously, the sequential-type least squares method may be 
similarly used. 

20 [01 39] Models approximated to the third or more orders can be introduced as the above-described linear forecasting 
model, induding the case where the sequential-type least squares model is adopted. Note, however, that the required 
amount of calculation and capacity of memory increase with increasing of the order. Since each tire has one resonant 
point dependent on the air pressure, it is only required that this linear forecasting model be approximated up to the sec- 
ond order. 

25 [0140] Although the amount of calculation and capacity of memory required are Increased compared with these cases 
in which a linear forecasting model is introduced, the above-described resonant frequenby-extracting portion 213 may 
perform fast Fourier transform (FFT) calculations on signals containing vibrational components of the tire produced 
from the wheel speed sensor 10 and the wheel speed-calculating portion 100 that are vibrational comporient output 
means. The resonant frequency is calculated from the frequency spectrum obtained by the FFT calculations. This con- 

30 figuration Is effective in suppressing deterioration of the accuracy with which the tire air pressure is estimated by the 
prior art apparatus. 

[0141] The apparatus according to the first embodiment oonrects the extracted resonant frequency based on the 
aforementioned tire temperature-associated values. FFT calculations can be used to extract the resonant frequency 
The tire air pressure is estimated according to the corrected resonant frequency However, alternatively, the tire air pres- 
35 sure may be estimated, using the extracted resonant frequency value as it is. The estimated tire air pressure may be 
corrected based on the amount of influence of the tire air-pressure-associated value. 

[0142] Apparatus according to any one of the embodiments described above estimates the tire air pressure and gives 
a warning when the air pressure has decreased. Taking the above-described electronic control unit 6 shown in Fig. 4 
as an example, the estimated air pressure may be sent as a tire air pressure signal from the control unit 6 to a brake 
40 control computer or traction control computer, for example. That is, the apparatus can be used as a correcting unit In 

these controls. 

[0143] Tire temperature-assodated values can be estimated considering the following conditions, in addition to the 
outside air temperature. For exannple, if the vehicle body speed is kept at a relatively high. value (e.g., more than 60 
knVs), and if the vehicle runs continuously for more than a given time (e.g., 90 minutes) or over a predetermined dis- 

45 tance. it is expected that the tires generate heat due to the running. Therefore, it can be considered that the tenperature 
goes higher further above the outside air teniperature. Accordingly If the vehide speed Is in excess of a given value, 
and if the continuous running time is in excess of a given time, tiie tire temperature may be estimated with a positive 
amendment to tiie outside air tenperature detected by the temperature-detecting device 61. This amendment may be 
carried out only when the outside air temperature Is higher than a given temperature (e.g., 25''C). for the following rea- 

so son. It can be considered that when the outside air temperature is low, the amount of heat generated by the tire is not 
so much In spite of continuous running at a very high speed. 

[0144] In brake control or traction control, the maximum value of the wheel speeds of the wheels may be taken as the 
vehicle speed. However, if the tire air pressure In any one of these wheel drops, the radius of the v/heel decreases. This 
increases the apparent speed of the wheel. Accordingly if the apparently increased wheel speed can be corrected 
55 according to the tire air pressure signal, brake control or traction control will not be provided in accordance with the 
incorrect wheel speed. 

[0145] The tire air pressure is deeply concerned with the frictional coefficient of the road surface. Therefore, the 
at>ove-described tire air pressure signal can be used as a signal for correcting the frictional coeffident. 
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[0146] As mentioned previously, the temperature-sensing device 6i is incorporated in the ECU 6. This ECU 6 can be 
designed to perform anti-skid control or traction control in addition to estimation of the tire air pressure. If the sensing 
device 6i is located within a metallic or resinous ECU housing, the device 6i can be easily protected from dust or the 
like. A microcomputer used to estimate the tire air pressures may be mounted within the ECU for providing anti-skid 
5 control. Also, the tenperature-sensing device 6i may be mounted within the housing of the ECU for providing anti-skid 
control. 

[0147] In the embodiment illustrated In Fig. 9, the resonant frequency is corrected in step 140 according to the esti- 
mated air temperature Temp, which is updated if the value of the temperature Ti detected whm the ignition switch is 
turned on second time or later is lower than the estimated outside air temperature Temp. In the above embodiment, a 

10 deciston is made as to the number of times the ignition switch is turned on in step 10. This decision may also be made 
in the manner described below. A time counter is provMed, that is kept in operation even when the ignition switch is 
turned off. An elapsed time between a time when the ignition switch is turned off and a next time when the ignition 
switch is turned on Is measured. A decision is made as to whether this elapsed time has reached a reference time. For 
example, this reference time is 24 hours. When the driver is using the vehicle, the Ignition switch is tumed on and off 

15 repeatedly. The reference time may be determined, taking account of the maximum duration of driving and the maxi- 
mum duration of stop. The number of times / the ignition switch is turned on may be cleared when the elapsed time 
exceeds the reference time. 

. [0148] In spite of the estimation of the outskle air temperature described thus far, the following method may also be 

adopted. 

20 [0149] For example, in Rg. 9, a decision is made as to whether the total count of a time coUhter kept in operation even 
when the ignition switch Is turned off reaches the reference time (step 10). For instance, this reference time is 5 hours. 
That is, an elapsed time during which the ignition switch is kept off is detected, with which the temperature of the device 
6i converges to the outside air temperature indicated by point a in Fig. 6. Only when the result of the decision is YES, 
the detected temperature Is set as the estimated outside air temperature Temp. Control processing then goes to step 

25 1 00 and the following steps. 

(Third Embodiment) 

[01 50] A tire air pressure-estimating apparatus according to a third embodiment of the present invention is described 

30 by referring to Figs. 16A-19. 

[0151] The structure of the apparatus in accordance with the third emtxxliment is substantially the same as that of 
the first embodiment. Therefore, the description of the structure is omitted. It is to be noted that, in the first err^KXliment. 
the temperature-sensing device 6i Is Installed In the housing of the £CU 6. However, the temperature-sensing device 6i 
does not need to be Installed in the housing of the ECU 6, but can be disposed outside the housing. Further, when the 

3$ vehicle is provided with an air conditioning system or an engine control system, a temperature sensor of the system can 
be used as the tenperature-sensing device 6i. 

[01 52] In the apparatus of the third embodiment, the display unit 7 displays the results of deciskins made by the signal 
processor 20 regarding the tire air pressures. An example of the display unit 7 Is shown In Fig. 18. As shown In Fig. 18, 
the display unit 7 Is provided with warning lamps 31 FL-31 RR for each tire. Specifically, the ECU 6 lights a warning lamp 
40 31 FR when the tire air pressure inside the right-front wheel FR is determined to be abnomnal. In the similar manner, a 
warning lamp 3 1 FL indicates abnormality of the left-front wheel FL A warning lamp 31 RR indicates abnormality of the 
right-rear wheel RR. A warning lamp 31 RL indicates abnormality of the left-rear wheel RL That is, the operation of the 
warning lamps 31 (FR-RL) is controlled by the ECU 6. 

[0153] Therefore, if any tire Is determined to have abnormal air pressure, the warning light quickly informs the driver 
45 of which of the tires Is abnormal with good visibility. Only one warning lamp may be provided and inform the driver that 
at least one of the tires has a lowered air pressure. 

[0154] The signal processor 6 makes a decision based on the outputs from the wheel speed sensors 2-5 (wheel 
speed signals) and on the output (outside air temperature signal) from the temperature-sensing device 6i as to whether 
the air pressure in each tire is abnormal or not. The signal processor 6 produces driving signals to the display unit 7 to 
50 control the displayed Information. 

[0155] Fig. 19 shows a detailed structure of the resonant point-detecting portion 6a-6d of the third embodiment In 
Fig. 19. for sake of convenience, only arbitrary one of the systems corresponding to the wheels shown in ffig. 1 is 
shown. 

[0156] In Fig. 19, a wheel speed-calculating portion 21 1 wave-shapes an AC signal produced from the wheel speed 
55 sensor 2-5 to convert it into a binary pulsed signal, calculates the average value of the pulse intervals at every reference 
sampling Interval (e.g., 5.0 ms), and calculates the wheel speed from the inverse of the calculated average value. Thus, 
the wheel speed-calculating portion 21 1 produces a signal indicative of the calculated wheel speed at every sampling 
interval. 
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[0157] A filtering portion 21 2a extracts only signal conrrponents that are close to the resonant frequency dependent 
on the tire air pressure from the produced signal Indicative of the wheel speed. 

[0158] A filter-adjusting portion 212b finds the optinmim filtering range based on the resonant frequency found by 
processing (described later), and adjusts the filtering range (pass-band) of the filtering portion 21 2a for the next calcu- 

5 lation. First, the pass-band of the filtering portion 21 2a Is set wide enough to cover a frequency range of the vibrational 
components amply embracing an air pressure range to be detected, taking account of the possibility that the resonant 
frequency has changed due to tire replacement or the like. In this way, the resonant frequency oo is found roughly. For 
example, it is assumed that the pass-band of the filtering portion 212a is set to 30 to 50 Hz when the whe^ speed signal 
passes through the filtering portion 21 2a in a f nrst estimation of the tire air pressure after the ignition switch is turned on. 

10 A resonant frequency-extracting portion 213 temporarily extracts the resonant frequency from the wheel speed signal 
having passed through the filtering portion 212a. Subsequently, the fitter-adjusting portion 212b modifies the width of 
the pass-band of the filtering portion 212a. At this time, the pass-band is changed from the previous range of 30 to 50 
Hz to a range of 32 to 48 Hz. This modification of the pass-band is repeated a given nunrtber of times determined by the 
vehicle speed and other factors. It is assumed that the final pass-band of the filtering portion 21 2a is 38 to 42 Hz. When 

IS the signal is fed from the filtering portion 212a to the resonant frequency-extracting portion 213 and then to the filter- 
adjusting portion 212b. the pass-band of the filtering portion 212a Is shifted. This shift is made, based on the resonant 
frequency that is the result of the previous extraction made by the resonant frequency-extracting portion 213. For exam- 
ple, when it is assumed tiiat the resonant frequency a> extracted the last time is 40.6 Hz, based on this resonant fre- 
quency C9^ the pass-band of the filtering portion 212a is shifted from the range of 38 to 42 Hz to a range of 38.5 to 42.5 

20 Hz so that the center frequency of the pass-band becomes 40.5 Hz. Then, when it is assumed that based on the output 
signal from the filtering portion 2 1 2a having the pass-band of 38.5 to 42.5 Hz, the resonant frequency-extracting portion 
213 extracts a resonant frequency of 40.2 Hz, the pass-band of the filtering portion 212a is shifted to a range of 38.2 to 
M2.2 Hz 50 that the center frequency of the pass-band becomes 40.2 Hz. 

[0159] It is to be noted, the modification of the width of the pass-band is made a given number of times detemnined 
25 by the conditions, and tiie shift of the pass-band may be continued while estimation of the tire air pressure is being 
made after the modification of ttie width. As mentioned previously, the pass-band is shifted based on ttie resonant fre- 
quency CO extracted the last time by the resonant frequency-extracting portion 213, and the shift is made based on this 
resonant frequency ca In sprte of this method, the following method may also be adopted. It is assumed that the present 
pass-band of the f iltering portion 212a is 38 to 42 Hz and that the resonant frequency <d extracted this time Is 41 Hz. 
30 The present center position of the pass-band is 40 Hz. A pernrtitted reference range used for estimation of tire air pres- 
sures is established about this 40 Hz. For instance, this reference range is established as a range of plus minus 0.1 Hz 
of 40Hz. This reference range is constant during the estimation of tire air pressures or varied according to tiie vehicle 
speed or other factors. The resonant frequency 41 Hz extracted this time does not fall within the reference range 
obtained by adding ttie margin of plus minus 1 Hz to ttie center position (40 Hz) of ttie pass-band, i.e.. 39.9 to 40.1 Hz. 
35 Accordingly, such control may be provided that shift of the pass-band based on the resonant frequency gd extracted this 
time is permitted. If the resonant frequency & ties within ttie reference range, i.e.. 39.9 to 40.1 Hz, shift of the pass-band 
is not made. 

[0160] Two reference ranges can be established (e.g., plus minus 0.1 Hz and plus minus 0.5 Hz of the center position). 
If a resonant frequency exceeding the greater reference range is extracted, an air pressure-estimating portion 215 
40 (described later) may prohibit estimation of the air pressure or ttie decision portion 6e-6h may prohibit the decision. 
When the resonant frequency falls within the greater reference range but is out of ttie smaller reference range, the shift 
of ttie reference range may be permitted. 

[0161] In this way. the filter-adjusting portion 212b modifies ttie widtt) of the pass-band of the filtering portion 212a. 
That is, the pass-band is narrowed to enhance the accuracy of ttie extracted resonant frequency. Similar processing is 
45 repeated, based on the obtained resonant frequency ca After the width of the pass-band of the filtering portion 21 2a has 
been set so that ttie detection accuracy is made optimal, only shift of the pass-band is made. As a result, the resonant 
frequency can be extracted without being affected by noises. 

[0162] The signal component having passed ttirough this filtering portion 212a becomes the wheel speed signal y(k} 
defined in the description of the principle. 

50 [0163] The resonant frequency-extracting portion 213 identifies ttie parameters c1 and c2 of the above-described dis- 
crete time model from the wheel speed signal y(k) extracted by the filtering portion 212a. using Eq. (7). The extt'acting 
portion 213 computes the resonant frequency o) from the Identified parameters c1 and c2, using Eq. (10). 
[01 64] the resonant frequency cd is fed from the resonant frequency-extracting portion 2 1 3 to the filter-adjusting por- 
tion 212b. This filter-adjusting portion 212b shifts the pass-band of the filtering portion 212a and modifies the width a 

55 given number of times determined according to the conditions such as the wheel speed. For example, when the wheel 
speed Is low. the response time of calculation-processing for estimation of the tire air pressure is not required to be very 
short. Further, at that time, the number of pulses obtained by wave-shaping the wheel speed signal input per unit time 
is few. Therefore, the filter adjustment, that is, modification of the wldtti of the pass-band and the shift thereof are 
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repeated increased number of times. During high-speed running, the number of pulses of the wheel speed signal per 
unit time is great. If the passenger is not quickly informed of an air pressure drop, possibility of dang^ increases. There- 
fore, the modification of the width of the pass-band and the shift thereof are repeated a reduced number of times. The 
width modification and the shift may be changed to the same repetition rate. The repetition rate of tiie shift may be 

5 changed while the repetition rate of the w'dth modification is maintained constant Alternatively, the repetition rate of the 
width modification may be changed while the repetition rate of the shift is maintained constant. The repetition rates of 
the shift of the pass-band and the width modification thereof may be varied under the following conditions. During esti- 
mation of air pressure within a reference time period subsequent to turning on the ignition switch or witfiin a reference 
number of times immediately after turning on the ignition switch, the pass-band is shifted and/or the width tho'eof is 

w modified at high repetition rates to give priority to the accuracy. After that, priority is given to the responsiveness of the 
calculation processing of the tire air pressure. The pass-band is shifted and/or ttie widtii thereof is modified at lower rep- 
etition rates. 

[01 65] A resonant frequency-correcting portion 21 4 is a portion for correcting the calculated (extracted) resonant fre- 
quency (0 based on the outside air temperature Temp detected by the outside air temperature sensor 6i. 

IS [01 66] As mentioned previously, the extracted resonant frequency (d is affected by the outside air temperature Tenrp. 
and varies with the outside air temperature Temp even H the tire air pressure is constant, as shown in Rg. 10. 
[0167] In particular, as shown in Fig. 10. at tiie same tire air pressure, the resonant frequency to increases as the out- 
side air temperature Temp gets tower. This is t>ecause, as ttie outside air temperature Temp drops, the rubber portion 
of the tire hardens, thereby increasing the tire spring constant. 

20 [01 68] To prevent the accuracy witt) which ttie resonant frequency oo is extracted from being deteriorated due to ttie 
outside air temperature Temp, it is necessary to con'ect the resonant frequency g> according to ttie outside air temper- 
ature Temp in the manner shown in Fig. 1 1 . 

[0169] For this purpose, a conrecting map as shown in Fig. 12 Is stored in ttie resonant frequency-correcting portion 
214. The resonant frequency a> extracted (calculated) as described above is conrected using tiiis con'ecting map in the 
25 same manner as the first embodiment. 

[01 70] In ttie resonant point-detecting portion 6a-6d shown in Rg. 1 9, ttie air pressure-estimating portion 21 5 is a por- 
tion for estimating tiie air pressure p t>ased on this corrected resonant frequency o*. 

[0171] As mentioned previously, if the tire air pressure is high, its resonant frequency is also high. Conversely, if ttie 
tire air pressure is low, its resonant frequency is also low. Accordingly, this air pressure-estimating portion 215 has a 

30 map describing ttie relation between these tire air pressure p and corrected resonant frequency as shown in Rg. 3. 
The corresponding value of the air pressure p is estimated directiy from the corrected resonant frequency a>'. 
[01 72] The resonant point-detecting portion 6a-6d produces estimated values of the tire air pressure p to their respec- 
tive decision portions 6e-6h according to ttie resonant frequency a>* extracted as described above and corrected accord- 
ing to the outside air temperature Temp. 

35 [01 73] The decision portions 6e-6h make decisions based on comparisons of a decision value witii the values of ttie 
tire air pressures p produced from ttie resonant point-detecting portion 6a -6d as to whether their respective tire air pres- 
sures are abnormal or not. the decision value being previously set as a threshold value for determining whether the air 
pressures are abnormal. If the value of any one tire air pressure p produced from the resonant point-detecting portion 
6a-6d is lower than the above-described decision value, then the air pressure is regarded as abnormal. The corre- 

4(7 spending display portion 3 1 FL-3 1 RR is driven. 

[0174] In the display portion 7, a driving signal is supplied from the decision portion 6e-6h In tills way. This tights the 
con^esponding warning lamp 31 (Fig. 1 6), thus informing the driver of existence of any one tire determined to have an 
abnormal air pressure. 

[0175] Specifically, if any tire air pressure drops excessively during vehicle traveling because natural leakage occurs 
45 or the vehicle treads a nail, ttie driver is immediately informed of ttiis fact. 

[0176] If the coresponding tire is replenished witti air in response to this information, and If the air pressure is restored 
to its normal level, the above-described decision portion 6e-6h stops supplying the driving signal to the display unit 7. 
The lit warming lamp 31 is made to go off. 

[0177] Although the amount of calculation and capacity of memory required are increased compared with a case in 
50 which a linear forecasting model is introduced, the above-described resonant frequency-extracting portion 213 may be 
operated to perform fast Fourier transform (FFT) calculations on signals containing vibrational components of the tire 
produced from the wheel speed sensor 2-5 and the wheel speed-calculating portion 21 1 . The resonant frequency is cal- 
culated from the frequency spectrum obtained by the FFT calculations. Obviously, methods utilizing well-known proce- 
dures for calculations of frequency specti'a such as Fourier ti'ansform, discrete Fourier ti'ansfbrm (DFT). Walsh 
55 transform, fast Watsh transform, or an autocorrelation function. Kepsti'um analysis, bispectrum analysis, Wablet trans- 
form, and so on can be exploited. 

[0178] Obviously, system identification procedures ttiat are well-known techniques can be used to indirectiy estimate 
the above-described resonant frequency. These system identification procedures represent the present system as a 
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model and indirectly estimate the resonant frequency by identifying parameters of the model. A method to identrfy the 
parameters includes t>atch-type least squares method, sequential-type least squares method, correlation method, fore- 
casting error method, canonical variable analysis method, singular value-resoMng method, adaptive identification 
^ method. 

5 [0179] ' In the above embodiment, both width modification and shift of the pass-band of the filtering portion 212a are 
canled out. At least one kind of processing may be performed* That is, either the width modification or the shift of the 
pas&^and may be carried out. Hie number of repetitions the width modification or shift is carried out may be made var- 
iabla 

[0180] A portion for permitting or inhibiting the execution of the width modification or shift of the pass-band depending 
10 on the intensity of the signal provided from the wheel speed sensor, i.e. , the magnitude of the power spectrum, may be 
provided between the resonant frequency-extracting portion 213 and the filter-adjusting portion 2l2b shown in Fig. 19. 
Specifically, when the intensity of the wave-shaped wheel speed signal is large, even if noise is somewhat large, signals 
associated with the true resonant frequency can be sufficiently precisely extracted. Further, if the width modification or 
shill of the pass-band of the filtering portion is carried out. there is a possibility of erasure of signals associated with the 
16 true resonant frequency. This in turn may adversely affect the accuracy with which the tire air pressure is estimated. 
Therefore, the width modification or shift of the pas5-l)and may be pwmitted or inhibited, depending on the signal inten- 
sity. At this time, the intensity of vibration may be compared with a certain reference value. The width modification or 
shift of the pass-band may be permitted or inhibited according to the result of the comparison. 

20 (Fourth En^odiment) 

[0181] A fourth embodiment of the present invention is next described by refemng to Fig. 20, which is at lowchart illus- 
trating the flow of control executed within a signal processor 6 in accordance with the fourth embodiment. This f bw of 
control is performed similarly for each tire sequentially. The flowchart given below illustrates the processing for only one 
25 tire. 

[0182] When the ignition switch of the vehicle is turned on to start the vehicle, the flow of control is started. In step 
31 0, an outside air temperature is detected based upon a detection signal of an outside air tenperature sensor (tem- 
perature sensing device) 6i. In step 320, the signal from the wheel speed sensor 2-5 is read in. and a wheel speed Vx 
is calculated. 

30 [0183] In step 330, the relative intensity of the vibrational components of the tire contained in the wheel speed signal 
is increased, using a narrow band fflter (hereinafter refen^ed to as a bandpass filter (BPF)) having a pass-band of a pre- 
set frequency range, whereby the vibrational components of the tire is extracted. The filter has been previously stored 
in the ROM 202 incorporated in the ECU 20. H&nce, the number, of filters prepared for incorporation is limited. 
[0184] Shift of the pass-band of the filter described below starts from the bandpass filter illustrated in step 330. 

35 [0185] In step 340, the resonant frequency a> is calculated from the vibrational components of the tire extracted in step 
330 by the aforementioned linear forecasting method. 

[0186] In step 350. the difference between the resonant frequency co extracted in step 340 and the center frequency 
(obc of the bandpass filter used for the calculation is found. A decision is made as to whether this error has reached coO. 
If the result of the decision is NO, control processing goes to step 360. where the pa8s-t)and of the filter is shifted. This 
40 shift may consist of shifting the pass-band by a preset value of 0.5 HZ in one operation. Steps 340-360 are repeated. 
That is. the filter shift is repeated until the absolute value of the difference between the found resonant frequency © and 
the center frequency cobc of the bandpass filter enters a given range coO, i.e.. until the result of the decision made in step 
350 becomes YES. 

[0187] If the result of the decision made in step 350 is that the frequency difference enters the given range, i.e., the 
45 result of the decision is YES. control processing proceeds to step 370, where the resonant frequency is corrected to 
eliminate the effects of the outside air temperature on the resonant frequency of the tire. 

[0188] In the next step 380. the tire air pressure is estimated from the resonant frequency corrected in step 370. 
[0189] In the next step 390. a decision is made as to whether the tire air pressure is lower than a preset threshold 
value used for decision of air pressure drop. A decision is made based on this result as to whether the display unit 7 
so lights a warning lamp (step 400). 

(Fifth Embodiment) 

[0190] A fifth embodiment is described by referring to Fig. 21. Thosie steps of the following embodiments which are 
55 the same as those of the fourth embodiment described in connection with Fig. 20 are denoted by the same step num- 
bers and will not be described below. 

[0191] In this fifth embodiment, another condition (vehicle speed) for permitting shift of the filter is added. 

(0192) The pass-band of the filter is shifted only when the vehicle speed VB is lower than a preset value VO, If the 
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vehicle speed VB is equal to or larger than the preset value, the pass-barxl of the filter is not shifted. 

[0193] In step 410, the vehicle speed VB Is calculated from the result of the calculation of the wheel speed Vx exe- 
cuted In step 320. This is compared with a preset vehicle speed VO. If the result of the decision made in step 410 Is that 
the wheel speed VB is less than VO, control processing goes to step 350, where the absolute value of the difference 
between the resonant frequency o extracted in step 340 and the center frequency obc is compared with the preset dif- 
ference value coO. When the difference is in excess of the preset difference value fO. the result of the decision shows 
that it is necessary to shift the fitter. Control processing goes to step 360, and the pass-tsand of the filter is shifted. The 
fitter shift is continued until the difference between the resonant frequency a> and the center frequency cobc of the band- 
pass filter comes within a given range, 

[0194] If the result of the decision made In step 410 is YES, or If the result of the decision made in step 350 is YES, 
control processing goes to step 370, where the resonant frequency (o is corrected. In this way, if the vehicle speed VB 
is in excess of a given speed VO (step 410), the resonant frequency is corrected based upon the outside air temperature 
without executing step 350 or 360. This control using the vehicle speed takes the system's response time into consid- 
eration. For example, the aforementioned given vehicle speed VO may be set to 80 KnrVh. At vehicle speeds such as 
highway running speeds, the input signal are supplied at high rates from wheel speed sensors to the ECU 6. At this 
time, if the filter is shifted, the response time of estimation of the tire air pressure slows down. During vehicle traveling 
at high speed, the necessity to detect gradual drop of the tire air pressure Is not very high. It is high likely that detection 
of only rapid air variations caused by, for example a burst of a tire is required. Therefore, during the vehicle traveling at 
high speed, it is more advantageous to shorten the response time in estimating the air pressure so as to canry out deci- 
sion of the burst rather than makirtg precise estimation.of the air pressure by shifting the pass-band of the filter. 
[0195] As described later, the control provided taking account of the vehicle speed is helpful in realizing estimation of 
the air tire according to the signal intensity, because the signal intensity varies according to the vehicle speed. 

(Sixth Embodiment) 

[0196] A sixth embodiment is next descrit)ed by referring to Fig. 22. tn the sixth emt>odiment. another condition (the 
signal intensity) for permitting shift of the filter is added to that in the emkxxiiments described thus far. In this example, 
a signal intensity is used as a condition to permit shift of the filter. The pass-band of the filter is shifted only when the 
sigrKil intensity of vibrational components is in excess of a preset value. At values less than the present value, the filter 
is not shifted. 

[0197] In step 420. the signal intensity GO is found from the wheel speed calculated in step 320 and compared with 
a preset signal intensity GCO. When the result of the decision is tfiat the signal intensity GO is in excess of GCO, control 
processing goes to step 350. where the absolute value of the difference t^etween the resonant frequency o extracted 
in step 340 and the center frequency cobc of the bandpass fitter used for the calculation is compared with a preset dif- 
ference value 0)0. If the difference is in excess of the preset difference value coO, the result of the decision shows that it 
is necessary to shift the filter. Control processing proceeds to step 360, where the pass-band of the fitter is shifted. The 
fitter shift is continued until the difference between the resonant frequency (d and the center frequency cobc of the band- 
pass filter comes within a given range. 

[0198] when the result of the decision made in step 420 is that the signal intensity QC is less than the preset value 
GCO, or when the difference between the resonant frequency co and the center frequency obc of the bandpass filter is 
within a given range, control processing goes to step 370, where the resonant frequency is corrected based upon the 
outside air temperature. 

[0199] Specific methods of calculating the signal intensity are now described by referring to Figs. 23 and 24. 
[0200] Inputs of vibrations from road surfaces can be extracted from variations of the speeds of the wheels (output 
signals from the wheel speed sensors) by using appropriate banC^ass filters, as exemplified by Japanese Patent Appli: 
cation Laid-Open No. 6-270618. Fig. 23 shows a specific example of the method of calculation of the signal intensity 
(magnitude of the vibrational components). 

[0201] Fig. 23 is a waveform of the output from the filter (step 330) when wheel speed Vx is filtered. The horizontal 
axis indicates time. The vertical axis indicates a gain indicating the magnitude of the vibrational components input from 
the road surface. Let Vx(i) be the value of Vx at every calculational interval of 5 ms. for example. The intensity Gc of the 
vibration input can be given by 
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[0202] That is. it can be expressed as the sum of m values of squares of the Vx(l) calculated at every wheel speed 
catculatjonal interval during the period of the calculation of Qc that is the calculational interval of the signal intensity. 
[0203] Fig. 24 shows another example of the method of calculating the intensity of vibration ir^ut from the road sur- 
face. That is, the sum of the maximum gain (maxVx(i)) and the minimum gain (minVx(i)) of the vibrational components 
s of the wheel speed during the calculational interval of the signal intensity is adopted as a signal intensity. It is to be 
noted timt, when the sum of the maximum gain and the minimum gain is calculated, the absolute value of the maximum 
gain and the absolute value of the minimum gain are added. 

(Seventh Embodiment) 

TO 

[0204] A seventh embodiment is described below by refenring to Fig. 25, \ri this Seventh embodiment, the system's 
operating time is used as a condition for permitting shift of the fitter. The number of extractions n of the resonant fre> 
quency o after start of the vehicle by turning on the ignition switch (10) is used as a value representing the system's 
operating time. The pass-band, of the filter is shifted only when the nuriiber of extractions n is more than a preset 
IS nuntber nO. At values less than the preset number nO» the filter is riot shifted to secure the system's response time. 
Those steps of the following embodiment which are the same as those of the third embodiment described in connection 
with Rg. 20 are denoted by the same step numbers and will not be describi9d below. 

[0205] In step 430. the resonant frequency q is calculated from the tire vibrational components extracted in step 330 
by using the above-desaibed linear forecasting method. At the same time, the number of extractions n is counted. 
20 [0206] In step 440, the number of extractions n counted in step 430 is cornpared with a preset number of extractions 
nO. When the number of extractions n is equal to or less than the preset number of extractions nO, control processing 
goes to step 370 without shifting the filter to secure the system's responise time. A correction of the resonant frequency 
is made using the signal from the outside air temperature 40. 

[0207] When the number of extractions n is greater than the preset number of extractions nO, control processing goes 
25 to step 350, where an absolute value of the difference between the calculated resonant frequency o> and the center fre- 
quency cobc of the filter is compared with a preset difference value coO. If the absolute value is greater than the preset 
difference value oO, the result of the decision shows that it is necessary to shift the filter. Control processing goes to 
step 360, where the pass-band of the fitter is shifted. In the same way as in the embodiments described thus far, the 
shift of the filter is continued until the difference between the calculated resonant frequency o and the center frequency 
30 (obc of the bandpass filter comes within a given range. 

[0208] When the number of extractions of the resonant frequaicy is less than a given number in this way, the tire air 
pressure can be estimated quickly although not with high accuracy immediately after the ignition switch is turned on. If 
the vehicle starts from a parking area along a highway, or if the vehicle can go onto a highway quickly from a home park- 
ing in a region within a web of highways, rough estimation of the air pressure can be made prior to ^oing onto the high- 
35 way After some extractions of the resonant frequencies, or during travel on a highway, the state can be^regarded as 
permitting precise estimation of the air pressure. In this case, control processing is allowed to go to step 350, where a 
decision is made as to whether shift of the filter should be made. Hence, precise estimation of the air pressure can be 
made. 

[0209] In other words, it takes a long time to shift the pass-band of the fitter. Therefore, shift of the filter is penmitted 
40 only when the number of extractions of the resonant frequencies is targe as mentioned previously. 

(Eighth Embodiment) 

[0210] An eighth embodiment is next described by referring to Fig. 26. In this sixth embodiment, the width of the pass- 
es band of the fitter is modified in place of shift of the fitter. 

[0211] The fitter through which a wheel speed signal passes In step 330 is a nanrow bandpass filter (BPF) having a 
preset pass-band (width df). This increases the relative intensity of the vibrational components of the tire. 
[0212] When an absolute value of the difference between the calculated resonant frequency co and the center fre- 
quency cobc of the filter is larger than a preset difference value odO, control processing goes from step 350 to step 450. 
50 In this st^ 450. the frequency band df of the filter used for extraction of the resonant frequency o in step 340 is reduced 
by a preset frequency band At so that the calculated resonant frequency o approaches to the center frequency cobc of 
the filter. That is, when the calculated resonant frequency <o is larger than the center frequency, the lower frequency part 
of the filter Is cut off from the frequency band of the filter, whereby the center frequency cobc Is increased. Conversely, 
when the calculated resonant frequency g> is lower than the center frequency cobc. the higher frequency part of the filter 
55 is cut off. whereby the center frequency cobc Is decreased. 

[0213] For example, when step 340 is firstly carried out in calculational processing, the fitter performs a filtering action 
with a pass-band df. If control processing goes back to step 340 from step 450, the filtering action is performed with a 
pass-band reduced from the filter width df by Ai. If the result of the decision in step 350 is that the difference is still larger 



21 



EP0895 880A2 

than the preset difference value (oO, the pass-t)and of the filter is further reduced by At from the width modified the last 
time (st^ 450). With this reduced pass-band, the resonant frequency is extracted in step 340. Such operations are 
repeated. 

5 (Ninth Embodiment) 

[0214] A ninth embodiment is next described by refening to Rg. 27. In this embodiment, the veNcle speed is used as 
a condition for permitting modification of the frequency band width of the filter. The width df of the pass-band of the filter 
is reduced only when the vehicle speed VB is lower than the preset value VO. When the vehicle speed VB is equal to 
10 or larger than the preset value VO, the pass-band width of the filter is not reduced. The st^ of the ninth embodiment 
which are the same as those of the third embodiment described in connection with Fig. 20 are denoted by the same 
step numbers and will not be described below. 

[021 5] If the result of the decision made in step 350 is YES. control processing goes to step 41 0. The vehicle speed 
VB is calculated from the wheel speed Vx calculated in step 320, and is compared with a preset vehicle speed VO. 
IS When the vehicle speed VB is less than the preset vehid e speed V0» control processing proceeds to step 450. The pre- 
set width Af of the filter is subtracted from the filter width df used to extract the resonant frequency a> in step 340 so that 
the resonant frequency a> approaches to the center frequency cobc of the bass-band. Thus, a new pass-band of thef ilter 
is established. 

[0216] Control processing then goes hack to step 340, where the at^ove-described processing is repeated until the 
20 difference between the extracted resonant frequency «> and the center frequency cobc of the pass-band of the filter Is 
equal to or lower than a given value coO. 

[0217] If the result of the decision made in step 410 is that the vehicle speed VB is equal to or larger than the preset 
value VO, modification of the pass-band width is not permitted, and then control processing returns to step 340. 
[021 8] If the frequency difference enters a given range ©0 (step 350), the resonant frequency of the tire are oonrected 
25 based on the outside air temperature (step 370). 

(Tenth Embodiment) 

[021 9] A tenth embodiment is desaibed by referring to Rg. 28. In this tenth embodiment a step 420 for judging the 
30 signal intensity and a step 450 for subtracting the preset frequency width Af from the pass-band of the filter used to 
extract the resonant frequency cd in step 340 are provided. Specifically, only when the signal intensity GC is equal to or 
greater than a given value GCO. the pass-band width of the filter is modified. When the signal intensity GC is less than 
the given value GCO. the decision of step 350 is executed but modification of the frequency band width of the filter in 
step 450 is not carried out. Substantially, no extraction of the resonant frequency is made. 
35 [0220] The step 440 illustrated in Rg. 25 may be candied out in place of step 420 illustrated in Rg. 28. At this time, 
step 340 of Fig. 28 is modified as in step 430 of Rg. 25. 

(Eleventh Embodiment) 

40 [0221 J An eleventh embodiment is described by referring to Rg. 29. Those steps of this emt)odiment which are the 
same as those of the embodiments described thus far are denoted by the same step numbers and will not be described 
below. 

[0222] In this eleventh embodiment, a decision is made as to whether the vehicle velocity VB is equal to or larger than 
the given velocity VO (step 410). A decision is further made as to whether the pass-band width of the filter Is reduced 

45 or increased (step 51 0 or 520, respectively). In particular, if the result of the decision made in step 41 0 is that the vehicle 
velocity VB is equal to or larger than the given velocity VO, control processing goes to step 510, where the absolute 
value of the difference between the resonant frequency col extracted in step 340 and the center frequency oabcl of the 
bandpass filter used in finding the resonant frequency col is compared with a given difference value coOI. When the 
absolute value is larger than the given difference value cdOI , that is. the result of the decision is NO, control processing 

50 goes to step 540, where the filter width used to find the resonarrt frequency coOl in step 340, or the pass-band width of 
the bandpass filter, is increased by the preset filter width Af. Thus, a new pass-tjand is established. Control processing 
then goes back to step 340. The resonant frequency cof is extracted, using the new fitter range. 
[0223] If the result of the decision made in step 410 is NO, control processing goes to step 520, where the absolute 
value of the difference between the resonant frequency a> extracted in step 340 and the center frequency dbc2. of the 

ss bandpass filter used to find the resonant frequency o is compared with a given difference value co02. When control 
processing goes to step 520. the resonant frequency extracted in step 340 is expressed as (i>2. The center frequencies 
cobcl and <obc2 of the bandpass filter in extracting the resonarrt frequency in step 340 are updated to approach the 
extracted resonant frequency a> by modifying the pass-t)and width of the filter as required. 
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[0224] The necessity of increasing and decreasing the filter width according.to the vehicle speed in this way depends 
on the relation between the intensity of the vibrational components contained in the wheel speed signal arxj the vehicle 
velocity. That is, at Ipw to moderate vehicle speeds (10 km/h to 80 khVh), the vibrational components of the tire is rela* 
tivety strong. The vibrational components containing |he resonant frequency included in the wheel speed signal is rel- 
5 atively large. On the other hand» in a high vehicle speed region of inore than 80 Km/h, the vibrational components of the 
tire Is relatively weaK for tiie following reason. In the HicjH vehicle speed regibn.'the nun^er of vibrations applied to tiie 
tire due to fine une^enness on ti[ie road sur^face such as an asphalt* suriface per unit ti^^ increases. However, each 
vibration input level is small. It is considered tiiat, when tiie sijghai Iritehsity of thie vibrational components is weaK tiie 
vibrational components Including the resonarit frequency of the tire is dispersed over a wide frequency range. There- 
to fore, at low to moderate vehicle speeds, tiie signal intensity is suffidentiy strong and so the priority is given to the accu- 
racy by gradually narrowing tiie fitter range (widtii). In the high-speed range.'the frequency range (width) of tiie filter is 
gradually increased to secure tiie signal intensify sufficient to.estiiriate the tire air pressure. 

• - • . 

(Twelftii Embodiment) 

IS 

[0225] A twelftii embodiment is next described by referring to Rg; 30. In this twefftii embodiment, tiie signal intensity 
of tiie vibrational components is determined in step 420 after step 340. Only when the signal intensity is more than a 
preset signal Intensity GCO. tiie pass-band width of tiie filter is decreased. When it is less tiian tiie preset signal inten- 
sity QCO, the pass4>and of the filter Is increased. 

20 [0226] If tiie result of the decision niade in step 420 is YES, control processing ipes to st^ 51 0, where the absolute 
value of the difference between the extracted resonarit frequency ci>i and the center frequency cibcl of the bandpass 
filter used to extract the resonant fr'equency col in step 340 is cornpared witti a preset difference value (i>01. When the 
absolute value is within tiie given difference valiie (dOI, the result of tile decision is YES, and control processing goes 
to step 370. If tiie result of the decision is NO at st^ 510, cpntrd processing goes to step 530, where tiie frequency 

25 range of the bandpass filter is narrowed by a preset frequency width Af. 

[0227] If tiie result of the decision made in step 420 is NO, control processing goes to step 520, where tiie absolute 
value of the difference between the resonant frequency d>2 and the center frequency obc2 of the frequency range of 
the bandpass filter used to extract the resonant frequency 0)2 is within a given difference value (002. If the result of the 
decision is YES, control processing goes to step 370. If tiie result of tiie decision ts NO, tiie frequency range of tiie 

30 bandpass filter is inaeased by the preset frequency widtii Af in step 540. Control processing goes back to step 340 from 
stqis 530 and 540, and the resonant frequency is extracted according to tiie corrected frequency range of the band- 
pass filter. 

[0228] It is necessary to widen or narrow tiie filter widtii, i.e., tiie pass-band widtii of tiie bandpass fflter used in step ' 
340, in response to the signal intensity for the following reason. The relation between the signal intensity of the wheel 

35 speed sensor output and the intensity of the vibrational components of the tire including the resonant' frequency com- 
ponent contained in the wheel speed signal Is as follows. When the signal intensity of the wheel speed sensor output is 
large, tiie vik)rational components of the tire is relatively large, and high accuracy of estimation of the tire air pressure 
can be expected. When the signal intensity is weaK tiie relative Intensity of the vibrational components of the tire is 
weak. High accuracy of estimation of tiie tire, air pressure cannot be expected. In a range of strong signal intensities, 

40 the pass-t}and of the bandpass fitter is narrowed, thus improving the accuracy. In a range of weak signal intensities, the 
passH:>and of the bandpass filter is gradually widened to permit detection and estimation of the tire air pressure, for 
securing sufficient tire signal intensity. 

(Thirteenth Embodiment) 

45 

[0229] An thirteenth embodiment is next described by referring to Rg. 31 . In this thirteenth emtKXfiment, the resonant 
frequency is corrected according to the outside air temperature. In addition, the pass-t>and of a bandpass filter preset 
in step 330 is modified. 

[0230] As mentioned previously, the pass-band of the bandpass filter used in step 330 and previously stored in the 
so ROM 602 Is limited. The resonant frequency o extracted by this fitter is affected by the outside air temperature. For 
example, when the outside air temperature t>ecomes low while the tire air pressure is being unchanged, the extracted 
resonant frequency becomes high. Conversely, when the outside air temperature becomes high while the tire air pres- 
sure is being constant, tiie resonant frequency becomes low. 

[0231] When a sensor for detecting the outside air temperature is disposed within an ECU cover, for example, it is 
55 difficult to detect tiie outside air temperature during vehicle traveling. In this case, therefore, the pass-band of the filter 
is initialized, using room temperature (e.g., 20 degrees) as a reference. On this assumption, when tiie outside ajr tem- 
perature during vehicle tiraveling is extremely high or low. the deviation of the center frequency from tiie actual resonant 
frequency in the pass-band previously built into the filter is large. The magnitude of this deviation affects the conver- 
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gence time to bring the center frequency of the filter close to the actual resonant frequency. 
[0232] Therefore, If the pass-band of the fitter is corrected with the outside air temperature, the pass-band of the f iHer 
can be set in an appropriate range from the initial stage of estimation of the tire air pressure, i.a. immediately after the 
ignition avitch is turned on. The convergence time for shift of the filter can be shortened. Hence, the tare air pressure 
can be estimated quicWy 

10233] In step 320 of Fig. 31 . the wheel speed Vx is calculated from the output of the wheel speed sensor. Control 
processing then goes to step 600, where the pass-band of the filter is set or corrected based upon information about 
the outside air temperature, the information being accepted in step 310. If the outside air temperature is higher than a 
reference temperature (e.g.. 20 degrees) by a given temperature, the pass4>and of tfie filter is shifted by a given width 
toward the lower-frequency side. If the outside air temperature is lower than the reference temperature by more than a 
given value, a correction is made to shift the pass-band of the filter by a given width toward the higher-frequency side. 
The wheel speed sensor output is subject to f iltering process by the tflter con-ected in this way in step 330. 



Claims 

1 . An apparatus for estimating tire air pressure, comprising: 

vibrational component output means (2-5) for producing a signal including vibrational components of a tire dur- 
ing a vehicle traveling: 

extracting means (6, steps 120. 130) for extracting either one of a resonant frequency of the vibrational com- 
ponents and a tire spring constant from the signal including the vibrational components of a tire; 
air pressure-estimating means (6, step 1 50) for estimating an air pressure inside the tire from either one of the 
resonant frequency and the tire spring constant extracted by the extracting means: 

tire temperature-associated value-extracting means (6i) for extracting a value associated with a tire tempera- 
ture, which affects the resonant frequency and the tire spring constant; and 

con-ecting means (6. step 140) for correcting effects of the tire temperature on either one of the resonant fre- 
quency and the tire spring constant extracted by the extracting means based on the value associated with the 
tire temperature. 

2. An apparatus for estimating tire air pressure as set forth in daim 1 , wherein the tire temperature-associated value- 
extracting means (6i) extracts outside air temperature as the value associated with the tire temperature by making 
use of a device mounted in a signal processor (6) for processing said signal including the vibrational components 
of the tire. 

3. An apparatus for estimating tire air pressure as set forth in daim 2, wherein the tire temperature-associated value- 
extracting means (6i) estimates the value assodated with the tire temperature based on a temperature of the 
device delected at a time when the temperature of the device inside the signal processor (6) has conelative rela- 
tionship with an outside air temperature. 

4. An apparatus for estimating tire air pressure as set forth in any one of daims 1 -3. wherein the tire temperature- 
assodated value-extracting means (6i) estimates the value assodated with the tire temperature from plural values 
detected immediately after an ignition switch of the vehicle is turned on. 

5. An apparatus for estimating tire air pressure as set forth in claim 4, wherein the tire temperature-assodated value- 
extracting means (60 estimates the value associated with the tire temperature from a minimum value of the plural 
values detected immediately after the ignition switch of the vehide is turned on. 

6. An apparatus for estimating tire air pressure as set forth in any one of claims 1 -5. wherein the correcting means (6, 
step 140) con-ects at least one of the resonant frequency, the tire spring constant, and the air pressure estimated 
by the air pressure estimating means based on the value assodated with the tire temperature extracted by said tire 
temperature-assodated value-extracting means. 

7. An apparatus for estimating tire air pressure, comprising: 

vibrational component output means (2-5) tor produdng a signal including vibrational components of a tire dur- 
ing a vehide traveling; 

extracting means (6. steps 120, 130) tor extracting either one of a resonant frequency of the vibrational com- 
ponents and a tire spring constant from the signal including the vibrational components: 
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air pressure-estimating means (6, step 155) for estimating an air pressure inside the tire from either one of the 
resortant frequency and the tire spring constant extracted by the extracting means; 
tire temperature-associated value-extracting means (6i) for extracting a value associated with a tire tempera- 
ture, which affects the resonant frequency and tire spring constant; 
6 determining means (6. step 1 55) for determining based on relations between the air pressure estimated by the 

air pressure-estimating means and a preset determination value as to whetiier the air pressure is abnormal or 
not; and 

correcting means (6, step 145) lor connecting the preset determination value based on the value associated 
with the tire temperature extracted by the tire temperature-associated value-extracting means. 

10 

8. An apparatus for estimating tire air pressure as set forth in any one of daims 1 -7, wherein the extracting means (6, 
steps 120, 130) comprises linear forecasting means for introducing a linrair forecasting model of vibrations of the 
tire to a time sequence signal including the vibrational components produced from ttie vibrational component out- 
put means, identifying parameters of the introduced linear forecasting model, and extracting tiie resonant fre- 

15 quency of the vibrational components. 

9, An apparatus for estimating tire air pressure as set forth in claim 8, wherein the linear forecasting means (6, steps 
120, 130) comprises: 

20 parameter-identifying means (step 120) for introducing the linear forecasting model with respect to vibrations 

of the tire given by 

y(k) = -clytk-l) - c2y(k-2) + m(k) (1) 

25 where k is a sanpling time. y(k) is the time sequence signal including the vibrational components of tiie tire, 

and m(l4 is an external disturbance, and for identifying the parameters c1 and c2; and 
resonant frequency-calculating means (st^ 130) for calculating the resonant frequency using the identified 
parameters c1 omd c2. 

30 10- An apparatus for estimating tire air pressure as set forth in claim 9. wherein the parameter-identifying means (6, 
step 120) identifies the parameters c1 and c2 by a least squares mettiod. 

11. An apparatus for estimating tire air pressure as set forth in any one of claims 1-10, wherein the extracting means 
(6, steps 120, 130) comprises FFT calculating means for performing high-speed Fourier transform (FFT) calcula- 

35 tions on the signal including the vibrational components of the tire produced from the vibrational component output 
means, and wherein tiie air pressure-estimating means estimates the air pressure from a resonant frequency of a 
frequency spectrum obtained by the FFT calculations. 

12. An apparatus for estimating tire air pressure, comprising: 

40 

wheel speed-detecting means (2-5) for detecting a wheel speed signal of each of wheels during a vehicle 

traveling, ttie wheel speed signal including vibrational components of a tire; 

a signal processor (6) installed within a housing, the signal processor comprising: 

45 extracting means (steps 1 20. 1 30) for extracting either one of a resonant frequency of the vibrational com- 

ponents and a tire spring constant from each wheel sjaeed signal detected by said wheel speed-detecting 
means, 

air pressure-estimating means (step 150) for estimating an air pressures inside ttie tire of each of the 
wheels from eitiier one of ttie resonant frequency or the tire spring constant extracted by the extracting 
50 means. 

determining means (step 1 50) for detennining based on a relation between ttie tire air pressure of each of 
ttie wheels estimated by the air pressure-estimating means and a preset determination value as to 
whether tiie tire air pressures are abnormal or not, and 

correcting means (step 140) for con-ecting effects of a tire temperature on either one of the resonant fre- 
55 quency and ttie tire spring constant witti respect to each of the wheels based on a value associated with 

the tire temperature; and 

a temperature-sensing device (61) for sensing a temperature inside ttie signal processor to extract ttie value 
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associated with the tire temperature used in the correcting means, the temperature^ensing device being dis- 
posed inside the signal processor. 

13. An apparatus for estimating tire air pressure, comprising: 

wheel speed-detecting nieans (2-5) for detecting a wheel speed signal of each of wheels during a vehicle 

traveling, the wheel speed signal Including vibrational components of a tire: 

a signal processor (6) installed within a housing, the signal processor comprising: 

extracting means (steps 120. 130) for extracting either one of a resonant frequency of the vibrational com- 
ponents and a tire spring constant from each wheel speed signal detected by said wheel speed-detecting 
means. 

air pressure-estimating means (step 155) for estimating an air pressure inside tiie tire of each of the 
wheels from either one of the resonant frequency or the tire spring constant extracted by the extracting 
means. 

determining means (step 155) for determining based on a relation between the tire air pressure of each of 
the wheels estinuited by the air pressure-estimating means and a preset determination value as to 
whether the tire air pressures are abnormal or not. 

anti-skid control means (8) for controlling braking forces applied to the wheels so as to moderate tenden- 
cies of the wheels to be locked using wheel speeds calculated from the wheel speed signals, and 
correcting means (step 145) for correcting the preset determination value with respect to each of the 
wheels based on a value associated with the tire temperature: and 

a temperature-sensing device (6i) for sensing a temperature inside the signal processor to extract the value 
associated with the tire temperature used in the correcting means, the temperature-sensing device being dis- 
posed inside the signal processor. 

14. An apparatus for estimating tire air pressure, comprising: 

wheel speed-detecting means (2-5) for detecting a wheel speed signal of each of wheels during a vehk:le 
traveling, the wheel speed signal Including vibrational con^ponents of a tire: 

an integrated signal processor (6) comprising: 

extracting means (steps 120. 130) for extracting either one of a resonant frequency of the vibrational com- 
ponents and a tire spring constant from each wheel speed signal detected by the wheel speed-detecting 
means, 

air pressure-estimating means (step 150) for estimating an air pressure inside the tire of each of the 
wheels from either one of the resonant frequency and the tire spring constant extracted by the extracting 
means. 

determining means (step 150) for determining based on a relation between the tire air pressure of. each of 
tiie wheels estimated by the air pressure-estimating means and a preset determination value as to 
whether the air pressures are abnormal or not. 

anti-skid control means (8) for controlling braking forces applied to the wheels so as to moderate tenden- 
cies of ttie wheels to be locked using wheel speeds calculated k>ased on the wheel speed signals: 

a temperature-sensing device (6i) ibr sensing a temperature inside the signal processor as an outside air tem- 
perature to extract the value associated with the tire temperature, which affects either one of tine resonant fre- 
quency and the spring constant extracted by the extracting means, the temperature-sensing device being 
disposed inside the signal processor: and 

correcting means (6, step 1 40) for correcting at least one of the preset determination value, either one of the 
resonant frequency and the tire spring constant extracted by the extracting means, and the air pressure esti- 
mated by the air pressure-estimating means, wherein 

the tenriperature-senslng device detects temperatures a preset number of times immediately after an ignition 
switch of the vehicle is turned on, and the correcting means makes the correction t>ased on a minimum value 
of temperatures detected by the temperature-sensing device. 
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15. An apparatus for estimating tire air pressure, comprising: 

detection means (2-5) for detecting a signal including vibrational components of a tire during a vehicle 

traveling; 

extracting means (213) for extracting either one of a resonant frequency of the vibrational components and a 
tire spring constant, which is associated with a tire air pressure, from the vibrational components detected by 
the detection means; 

a signal processing^ilter (212a) fbr allowing the signal having frequencies within a preset frequency band to 
pass and for feeding the signal having passed therethrough to the extracting means; 
air pressure-estimating means (215) for estimating an air pressure in the tire based on either one of the reso- 
nant frequency arvJ the tire spring constant extracted by the extracting means; and 
shifting means (212b) for shifting the frequency band of the signal processing fflter according to either one of 
the resonant frequency and the tire spring constant extracted by the extracting means while a width of the fre- 
quency k)and is maintained constant. 

16. An apparatus for estimating tire air pressure as set forth in claim 15, wherein the shifting means (212b) shifts the 
frequency band of the signal processing f flter in such a way that either one of the resonant frequency and the tire 
spring constant extracted by the extracting means or an average value of either on^ of previously extracted plural 
resonant frequencies and previously extracted plural tire spring constants is brought almost into a center value of 
the frequency band. 

17. An apparatus for estimating tire air pressure as set forth in claim 15, wherein the shifting means (212b) shifts the 
frequency band of the signal processing filter in such a way that a difference between either one of the resonant 
frequency and the tire spring constant extracted by the extracting means or an average value of either ones of pre- 
viously extracted plural resonant frequencies and previously extracted plural tire spring constants and a center 
value of the frequency band falls within a predetermined range. 

18. An apparatus for estimating tire air pressure as set forth in claim 1 7, wherein the shifting means (21 2b) determines 
whether a value extracted by the extracting means is used for the tire air pressure-estimating means to estimate 
the air pressure by determining whether the difference falls within the predetermined range value, and wherein the 
shifting means repeatedly shifts the frequency band until the difference tails within the predetermined range. 

19. An apparatus for estimating tire air pressure as set forth In any one of claims 15-18, wherein the shifting means 
(212b) shifts the frequency band in response to ambient temperature. 

- * 

20. An apparatus for estimating tire air pressure as set forth in any one of claims 15-19, wherein the shifting means 
(21 2b) shifts the frequency band only when either one of a vehicle speed and an intensity of a signal having passed 
through the signal-processing filter satisfies a predetermined condition. 

21. An apparatus for estimating tire air pressure as set forth in any one of claims 15-20, wherein the shifting means 
(212b) allows and prohibits shift of the frequency band according to system's request response time in the tire air 
pressure-estimating apparatus. 

22. An apparatus for estimating tire air pressure, comprising: 

detection means (2-5) for detecting a signal including vibrational components of a tire during a vehicle 
traveling; 

extracting means (213) for extracting either one of a resonant frequency of the vibr ational components and a 
tire spring constant, which is associated with a tire air pressure, from the signal including the vibrational com- 
ponents detected by the detection means; 

a signal processing-filter (212a) for allowing the signal having frequencies within a preset frequency band to 
pass and for feeding the signal having passed therethrough to the extracting means; 
air pressure- estimating means (215) for estimating an air pressure in the tire based on either one of the reso- 
nant frequency and the tire spring constant extracted by the extracting means; and 
modifying means (212b) for modifying a width of the frequency band of the signal-processing filter. 

23. An apparatus for estimating tire air pressure as set forth in claim 22. wherein the modifying means (212b) modifies 
the width of the frequency band of the signal-processing filter according to at least one of intensity of the signal hav- 
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ing passed through the signal-processing filter, a vehicle speed, and either one of the resonant frequency and the 
tire spring constant extracted by the extracting means. 

24. An apparatus for estimating tire air pressure as set forth in claim 22 or 23, wherein the modifying means (212b) var- 
ies the width of the frequency band of the signal processing filter according to a system's request response time in 
the tire air pressure-estimating apparatus. 

25. An apparatus for estimating tire air pressure as set forth in any one of claims 22-24, wherein the modifying means 
(212b) modifies the width of the frequency band of the signal processing filter only when either one of a vehicle 
speed or an intensity of the signal having passed through the signal-processing filter satisfies a predetermined con- 
dition. 

26. An af^)aratus for estimating tire air pressure, comprising: 

detection means (2-5) for detecting a signal Including, vibrational components of a tire during a vehicle 
traveling; 

extracting means (213) for extracting either one of a resonant frequency of the vibrational components and a 
tire spring constant, which Is associated with a tire air pressure from the signal including the vOsrational com- 
ponents detected by the detection means; 

a signal processing-fitter (212a) for allowing the signal having frequencies within a preset frequency band to 
pass and for feeding the signal having passed therethrough to the extracting means: 
air pressure-estimating means (215) for estimating an air pressure in the tire based on either one of the reso- 
nant frequency and the tire spring constant extracted by the extracting means; and 

shifting-and-modifying means (212b) for shifting the frequency band of the signal-processing filter and modify- 
ing a width of the frequency band of the signaiiarocessing filter In response to either one of the resonant fre- 
quency and the tire spring constant extracted by the extracting means. 

27. An apparatus for estimating tire air pressure as set forth in daim 26, wherein the shifting-and-modifying means 
(212b) first narrows the width of the frequency band from a wide frequency band and then shifts the narrowed fre- 
quency band. 
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